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Abstract

The activity of Na+/K+-ATPase establishes transmembrane ion gradients and is essential to cell

function and survival. Either dysregulation or deficiency of neuronal Na+/K+-ATPase has been

implicated in the pathogenesis of many neurodegenerative disorders such as Alzheimer’s disease,

Parkinson’s disease and rapid-onset dystonia Parkinsonism. However, genetic evidence that

directly links neuronal Na+/K+-ATPase deficiency to in vivo neurodegeneration has been lacking.

In this study, we use Drosophila photoreceptors to investigate the cell-autonomous effects of

neuronal Na+/K+ ATPase. Loss of ATPα, an α subunit of Na+/K+-ATPase, in photoreceptors

through UAS/Gal4-mediated RNAi eliminated the light-triggered depolarization of the

photoreceptors, rendering the fly virtually blind in behavioral assays. Intracellular recordings

indicated that ATPα knockdown photoreceptors were already depolarized in the dark, which was

due to a loss of intracellular K+. Importantly, ATPα knockdown resulted in the degeneration of

photoreceptors in older flies. This degeneration was independent of light and showed

characteristics of apoptotic/hybrid cell death as observed via electron microscopy analysis. Loss of

Nrv3, a Na+/K+-ATPase β subunit, partially reproduced the signaling and degenerative defects

observed in ATPα knockdown flies. Thus, loss of Na+/K+-ATPase not only eradicates visual

function but also causes age-dependent degeneration in photoreceptors, confirming the link

between neuronal Na+/K+ ATPase deficiency and in vivo neurodegeneration. This work also

establishes Drosophila photoreceptors as a genetic model for studying the cell-autonomous

mechanisms underlying neuronal Na+/K+ ATPase deficiency-mediated neurodegeneration.
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Introduction

The Na+/K+-ATPase transports Na+ and K+ against their concentration gradients across the

cell membrane to maintain a low Na+ and high K+ concentration within the cells (Blanco

and Mercer, 1998; Mobasheri et al., 2000). These ion gradients determine the resting

membrane potential and form the basis of the excitability of neurons. The Na+ gradient also

provides the driving force for various secondary active transporters that import glucose,

amino acids, and other nutrients into the cell. Additionally, the ion concentrations

maintained by Na+/K+-ATPase are important for regulating cellular volume and preventing

cells such as neurons from swelling and lysing (Geering, 1997; Pavlov and Sokolov, 2000).

Considering the importance of Na+/K+-ATPase in basic cellular functions, it is not

surprising that either dysregulation or deficiency of neuronal Na+/K+-ATPase were observed

in many neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s

disease (PD) and rapid-onset dystonia Parkinsonism (RDP) (Cannon, 2004; Chauhan et al.,

1997; de Carvalho Aguiar et al., 2004; DeAndrade et al., 2011; Kumar and Kurup, 2002).

Thus, disrupting normal Na+/K+-ATPase activity in neurons has been proposed to contribute

to the pathogenesis of neurodegeneration. Nevertheless, the link between the disrupting

neuronal Na+/K+-ATPase activity and neuronal dysfunction/degeneration has yet to be

clarified.

Na+/K+-ATPase is composed of at least two subunits: a large catalytic α subunit and a

regulatory, single-transmembrane-domain β subunit (Gloor et al., 1990; Horisberger, 2004;

Kaplan, 2002; Paul et al., 2007; Shoshani et al., 2005; Vagin et al., 2005). Mammals have

three α-subunit and two β-subunit genes and may express six structurally distinct Na+/K+-

ATPase isoforms (Watts et al., 1991). In the brain, although the α3 and β2 subunits are

expressed predominantly in neurons, the α2 and β1 subunits are found primarily in glia, and

the α1 subunit is ubiquitously expressed (McGrail et al., 1991; Watts et al., 1991). The

Na+/K+-ATPase in glia is required to maintain a low K+ level in the neuronal environment

(Wang et al., 2012) and thus has a large impact on neuronal function and survival. Na+/K+-

ATPase inhibitors like ouabain act on all Na+/K+-ATPase isoforms and cannot differentiate

between the cell-autonomous effects of the Na+/K+-ATPase in neurons from those derived

from the neighboring glia. Thus, genetic approaches are needed to modulate the Na+/K+-

ATPase level in neurons to investigate the function of neuronal Na+/K+-ATPase. Genetic

studies on the impact of neuronal Na+/K+-ATPase deficiency in the past decade, which were

mostly based on characterization of heterozygous mutant mice of the α3 subunit, have

identified defects in the function of central brain neurons (Clapcote et al., 2009; Moseley et

al., 2007; Shiina et al., 2010) but have not provided direct evidence of neurodegeneration.

The Drosophila visual system expresses only one type of α subunit, ATPα, and three β

subunits, Nrv1-3 (Ashmore et al., 2009; Baumann et al., 2010; Okamura et al., 2003;

Palladino et al., 2003; Takeyasu et al., 2001). In this study, we used Drosophila

photoreceptors as a genetic model to study the cell-autonomous functions of neuronal Na+/

K+-ATPase. Although ATPα mutants in Drosophila exhibit extensive neurodegeneration

(Palladino et al., 2003), these mutants were not used because the degeneration is due to the

loss of Na+/K+-ATPase not only in neurons but also in neighboring non-neuronal cells.
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Instead, using a UAS/Gal4-mediated RNAi approach (Brand and Perrimon, 1993; Dietzl et

al., 2007; Roy et al., 2013), we knocked down ATPα and Nrv1-3 specifically in

photoreceptors and assessed the impact of this knockdown on visual signaling and

photoreceptor integrity in the fly.

Materials and Methods

Drosophila stocks and crosses

All flies were raised on corn-meal medium without propionic acid and were maintained at

25°C and 60% humidity under a 12:12 hr light-dark cycle unless otherwise stated. The

following fly stocks were used: repo-Gal4, elav-Gal4, lGMR-Gal4 (longGMR, pan-

photoreceptor-Gal4, BL8605), GMR-Gal4 (ninaE.GMR-Gal4, BL1104), UAS-ATPα-RNAi

(short-hairpin, BL33646), UAS-nrv3-RNAi (BL29431) and tublin-Gal80ts, all of which

were obtained from the Drosophila Stock Center in Bloomington. The fly stocks UAS-

ATPα-RNAi (v100619), UAS-nrv1-RNAi (v103702) and UAS-nrv2-RNAi (v2660) were

also used and supplied by the Vienna Drosophila RNAi Center. UAS-RNAi flies were

crossed over specific GAL4 and Gal80ts to either induce or inhibit the expression of RNAi,

respectively.

The RNAi constructs of the Na+/K+-ATPase subunit genes were expressed in

photoreceptors using the Gal4/UAS system (Brand and Perrimon, 1993; Dietzl et al., 2007;

Roy et al., 2013). The drivers lGMR-Gal4 (Chen et al., 2014; Timofeev et al., 2012; Wernet

et al., 2003) and GMR-Gal4 (Velentzas et al., 2013) have a photoreceptor-specific

expression pattern, and repo- (Awasaki and Ito, 2004) and elav-Gal4 (Zhan et al., 2004)

have glial and neuronal expression patterns, respectively. The Gal80ts/TARGET system was

used for temporal control of UAS-RNAi expression (McGuire et al., 2004).

Electrophysiological recordings

Electroretinograms (ERG) were recorded as previously described (Li and Montell, 2000).

Flies were immobilized with thin strips of tape. Glass recording microelectrodes filled with

Ringer’s solution were placed on the eye surface of the fly. A second extracellular recording

electrode was maintained on the thorax (as a reference). Five-second orange light pulses

(4000 Lux) were used to stimulate the eye after adapting the fly to the dark for 1 min. The

signal was amplified and recorded using a Warner IE210 intracellular electrometer.

In vivo photoreceptor intracellular recordings were performed as previously described

(Johnson and Pak, 1986). Briefly, a small portion of the cornea was removed with a sharp

needle, and the opening was covered with Vaseline petroleum jelly. The intracellular

recording electrodes were inserted into the retina through this opening. The recording

electrodes had a resistance of 100–150 MΩ when filled with 4% neurobiotin (Vector Labs)

in 2 M potassium acetate (KAc). The reference electrode was filled with Ringer’s solution,

and its tip was placed in the photoreceptor layer. The fly was dark-adapted for 10 min before

measurement. Voltage responses were amplified using a Warner IE210 intracellular

electrometer in current clamp mode. When the electrode was inserted into a cell, we

measured the resting membrane potential in the dark based on a sudden increase of
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capacitance and tested the cell’s response to 5 s orange light pulses (4000 Lux). After the

recording, the cell was injected with neurobiotin by passing 1nA depolarizing rectangular

pulses at 1 Hz for 5 min (Kita and Armstrong, 1991). The retina was subsequently dissected,

fixed in 4% paraformaldehyde and stained with streptavidin-Alexa Fluor 488 conjugate

(Invitrogen) and rhodamine phalloidin to confirm the photoreceptor identity of the recorded

cell (Schnell et al., 2010).

Immunofluorescence staining

For cryosectioning, 1-day-old fly heads were removed, incubated in 0.1 M phosphate buffer

with increasing concentrations of sucrose, infiltrated and embedded in TFM tissue freezing

medium (Ted Pella Inc.). Approximately 20 μm sections were cut at −20°C and subjected to

immunofluorescence staining. After a 30 min incubation with blocking buffer (5% fetal

bovine serum in PBS containing 0.3% Triton X-100), the brain sections were incubated

overnight at 4°C with primary antibody diluted in blocking buffer. After three washes in

PBS containing 0.3% Triton X-100, the brain sections were incubated with FITC-conjugated

secondary antibodies for 3 hours at room temperature, washed and mounted in Vectashield

medium (Vector Laboratories). The images were captured using confocal microscopy with

an LSM 510 instrument (Zeiss). The monoclonal antibody α5-IgG (1:100), which is specific

for the α-subunit of the Na+/K+-ATPase, was obtained from the Developmental Studies

Hybridoma Bank (Baumann et al., 2010; Lebovitz et al., 1989; Takeyasu et al., 1988). We

used the auto-fluorescent properties of visual pigments to mark pigment cells in the retina of

red eye flies (Pichaud and Desplan, 2001).

Electron microscopy (EM)

Fly heads were removed, bisected and fixed in a solution of 2.5% glutaraldehyde in 0.05 M

sodium cacodylate buffer (pH7.4), and processed for EM as previously described

(Meinertzhagen and O’Neil, 1991). After three washes, fly heads were post-fixed with 2%

osmium tetroxide for 5 hours, dehydrated in ethanol, infiltrated with propylene oxide and

embedded in polybed812 resin (08792-1; Polysciences). After sectioning and staining with

uranyl acetate and lead citrate, the ultrastructures in the retina were examined at 80 KV

using a Philips Tecnai 12 electron microscope.

Optical neutralization analysis and retinal degeneration assay

This analysis was performed as previously described (Franceschini and Kirschfeld, 1971).

Briefly, fly heads were separated from the body and immersed in a layer of lens oil to

optically neutralize the cornea. On the microscope stage, a spotlight was shone into the head

from the neck side to antidromically illuminate the compound eye. After the images were

acquired with a CoolSNAP ES2 CCD Camera, the number of rhabdomeres that appeared as

bright dots resulting from a high transmission of light were counted for each upright

ommatidium (Sengupta et al., 2013). Degeneration of photoreceptors was assessed directly

with this method (Lessing and Bonini, 2009). Briefly, a score ranging from 0 to 3 was given

to each rhabdomere depending on the state of its degeneration: 3 was indicative of no

degeneration; 0 corresponded to total loss of the rhabdomeres and a score of 1 or 2

suggested partial degeneration. The total score of an intact ommatidium is 21. The
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rhabdomere integrity index for a fly was the average score from 6 axially aligned

ommatidia. For each group, the value of the integrity index was the average of 6 flies.

Measurement of extracellular K+ concentration ([K+]o) in the retina

The extracellular K+ activity was measured in the fly retina using K+-selective double-

barreled microelectrodes, which were fabricated as previously described (Sandler and

Kirschfeld, 1991; Semb et al., 1997). Briefly, a K+-selective microelectrode was pulled from

the borosilicate double-barreled capillaries with a filament. The K+-selective barrel was

silanized with N, N-Dimethyltrimethylsilylamine (41716, Fluka) at 200°C. The barrels were

filled with 100 mM NaCl and 5 mM KCl. Next, the tip of the silanized barrel was filled by

capillary action with a small amount (to approximately 100 μm from the tip) of the K+

ionophore I-Cocktail B (60398, Fluka). The electrodes were connected to the differential

amplifier using a chlorinated silver wire. The K+-selective electrode was calibrated before

and after each experiment in a series of solutions where concentrations of KCl and NaCl

totaling 150 mM were varied reciprocally. To measure light-induced changes of the

extracellular K+ concentration in the retina, the eye was illuminated for 40 seconds. The K+

concentrations were calculated from the Nernst equation. All the calibrations and

experiments were carried out at room temperature (22–25°C) in a light tight Faraday cage.

Visual behavior assays

Phototaxis assays were carried out in a dark room with the countercurrent procedure as

previously described (Benzer, 1967). After a 1-min equilibration period, groups of 10 flies

in a long glass tube were given 1 min to move toward a white light source in an otherwise

dark room. At the end of the assay, the number of responsive flies was counted. The results

were the mean of the responsive flies from five groups per genotype.

The walking optomotor assay was conducted using a previously described method (Rendahl

et al., 1992; Zhu et al., 2009) with minor modifications. An LED panel was put in the front

of a clear tube of 10 flies. Dark stripes against a bright background continuously drifted

from left to right and then from right to left. Control flies move against the direction of the

stripe motion, and will change direction of movement when the direction of the stripe

motion is reversed. Fly performance was evaluated by counting the number of flies changing

direction in response to the flipping of the stripe motion. The results were the mean of the

responsive flies from five groups per genotype.

Giant fiber system (GFS) recording

A fly will jump to a variety of stimuli, including a rapid light-off stimulus. Giant fibers (GF)

are command neurons that are activated by a light-off stimulus through the excitation of

photoreceptors and evoke a stereotypical pattern of activity in the thoracic muscles,

producing an escape jump. We recorded GF-driven muscle potentials and the response to a

rapid light-off stimulation following a previously described method (Thomas and Wyman,

1984). Briefly, flies were immobilized with thin strips of tape. The potentials in the dorsal

longitudinal muscles (DLMs) were recorded to measure the output of the giant fiber

pathway. The signal was amplified and recorded using a Warner IE210 intracellular

electrometer. Ten flies were examined per genotype.
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Results

ATPα is required for visual function of photoreceptor in adult flies

In Drosophila, there are three genes (ATPα, JYalpha and CG45062) that encode the α

subunits of Na+/K+ ATPase (McQuilton et al., 2012). Whereas both JYalpha and CG45062

have relatively specific expression in the testes, ATPα is distributed ubiquitously and

functions in the brain, eye and Johnston’s organ of hearing (Baumann et al., 2010;

Chintapalli et al., 2007; Roy et al., 2013; Yasuhara et al., 2000). All ATPα loss-of-function

mutants are embryonic lethal (Palladino et al., 2003). When ATPα expression was

suppressed via RNAi in either all neurons or glia cells using the elav- and repo-Gal4 drivers,

respectively, we did not obtain any knockdown flies (S.Table.1). Thus, both neuronal and

glial functions of ATPα are essential to fly viability.

In the eye, ATPα is the only α subunit of Na+/K+-ATPase and is expressed in both

photoreceptor neurons and the surrounding pigment glial cells (Baumann et al., 2010;

Yasuhara et al., 2000). To study the function of Na+/K+-ATPase specifically in

photoreceptors, we knocked down ATPα expression using the photoreceptor-specific driver

line lGMR-Gal4 (Wernet et al., 2003). Two independent RNAi lines (v100619 and

BL33646) that express different dsRNA against different regions of ATPα mRNA showed

identical phenotypes in combination with the Gal4 drivers, ruling out off-target effects of the

RNAi lines (S.table.1). We chose to use the ATPα RNAi line that expresses a short dsRNA

(TCCCAACGGCTTTAAGTTCAA, 21 bp) in this study. In 1-day-old control flies that only

contain lGMR-Gal4, we observed that ATPα was distributed over the peripheral surface of

photoreceptors and the cell membrane of pigment cells in the retina (Fig. 1A & B). In 1-day-

old ATPα knockdown flies, which have both lGMR-Gal4 and the ATPα RNAi transgene,

the staining signal of ATPα was drastically reduced in photoreceptors, but unchanged in

pigment cells that were marked with autofluorescence of their red pigments (Fig. 1C & D).

These data confirm the effectiveness and specificity of ATPα knockdown in photoreceptors.

To investigate the functional impact of ATPα knockdown, we examined light response in 1-

day-old and 10-day-old flies by recording the ERG on the eye surface. In control lGMR-

Gal4 flies, a light pulse stimulated a negative corneal potential change due to depolarization

of the photoreceptors. In contrast, ATPα knockdown flies completely failed to respond to

light pulses at both ages (Fig. 2A & C). To test whether this defect is due to loss of the

rhabdomere, the light sensory organelle of the fly photoreceptor, we examined rhabdomere

integrity through optical neutralization analysis (ONA, see Methods). In each ommatidium

(the unit of compound eyes) of the control fly, we observed seven bright spots that represent

the positions of six peripheral (R1–R6) rhabdomeres and the R7/R8 central rhabdomere. In

ATPα knockdown flies, all seven spots were visible in the 1-day-old flies but disappeared in

the 10-day-old flies (Fig. 2B & D), indicating age-dependent degeneration of the

photoreceptors. Thus, ATPα knockdown flies lose their responsiveness to light before

degeneration of the rhabdomere occurs.

To confirm that the brains of ATPα knockdown flies do not receive any visual information,

we recorded electrical signals in the GFS. The GFS mediates the light-off escape response

by relaying excitation from the eyes to the muscles of the thorax in Drosophila (Thomas and
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Wyman, 1984). The light-off stimulus evoked GFS response can be detected as a large

transient depolarization of the thoracic muscles. The light-off stimulus will not be able to

activate GF neurons if the function of photoreceptors is impaired. In ATPα knockdown flies,

we could not detect any electrical response of the thoracic muscles at the end of light

stimulation (Fig. 2E). We then examined fly visual behavior with a stationary light-elicited

phototaxis assay and a visual motion-dependent walking optomotor assay. The results

showed that both phototaxis (Fig. 2F) and optomotor responses (Fig. 2G) were severely

impaired in ATPα knockdown flies, and that there was no significant difference between the

1-day-old and 10-day-old flies. Any defects in the components of the neuronal networks

transducing visual information into motor output can cause abnormal visual behaviors;

however, all the components except photoreceptors are intact in the photoreceptor-specific

knockdown flies. Thus, the knockdown flies are virtually blind, even at 1-day old.

Na+/K+ ATPase is involved in a variety of developmental processes in both vertebrates and

invertebrates, such as epithelial junction formation (Paul et al., 2007) and morphogenesis, as

well as oncogenesis. To investigate whether any developmental defect accounts for the

absence of light response in ATPα knockdown flies, we expressed Gal80ts (McGuire et al.,

2004), a temperature sensitive inhibitor of Gal4, in knockdown flies using a tubulin

promoter. When raised at a permissive temperature (18°C) of Gal80ts, the lGMR-Gal4/tub-

Gal80ts;UAS-ATPαRNAi/+ flies had no RNAi phenotype due to Gal80 suppression of the

Gal4 driver (Fig. 3). Next, we exposed flies of the same genotype to a restrictive

temperature (31°C) to induce RNAi during different developmental stages. Metamorphosis

in Drosophila can be divided into 16 stages (P1–P16). We define the light pupal stage at

approximately P9–P11 (characterized by pink eye, dark ocellar bristles and dorsal chaetae),

when the retina is still developing, and the dark pupal stage after P12 (characterized by dark

wings, abdominal bristles), when the retina is essentially complete (Cagan and Ready,

1989). When flies were exposed to 31°C from the larval to light pupal stage, they exhibited

normal ERG light responses (Fig. 3A & C) and intact rhabdomeres in the ONA (Fig. 3B &

D), even at 2 weeks of age. In contrast, when flies were exposed to 31°C starting at the late

pupal stage, they displayed negligible light response (Fig. 3A & C) and had almost no intact

rhabdomeres at 2 weeks (Fig. 3B & D). Thus, ATPα is not essential for early development

of the photoreceptor, but is required for the function and survival of adult photoreceptors.

Nrv3 is a primary β subunit of Na+/K+ ATPase in the photoreceptor

The Drosophila genome encodes three β subunits (Nrv1-3) of Na+/K+ ATPase. When these

β subunits were knocked down using lGMR-Gal4, we did not observe either ERG

abnormality or rhabdomere loss in any knockdown flies (data not shown), which could be

attributed to functional redundancy. However, when we used a stronger Gal4 GMR-Gal4

into these knockdown flies, the Nrv3 knockdown flies responded to light with significantly

reduced amplitude in the ERG recordings, even at 1 day old (Fig. 4A and C). Additionally,

they showed severe loss of rhabdomeres in 10-day-old flies according to the ONA (Fig. 4B

and D). In contrast, Nrv1 and Nrv2 knockdown flies with GMR-Gal4 did not show any

phenotype in either the ERG or ONA (Fig. 4A–D). Although we cannot exclude the

involvement of Nrv1 and Nrv2 because of variable RNAi efficiency, the results suggest that

Nrv3 is the primary β subunit of Na+/K+ ATPase in the photoreceptor.
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We further examined the visual behavior of GMR-Gal4;UAS-nrv3RNAi flies using the

phototaxis and walking optomotor assays. In the phototaxis assay, Nrv3 knockdown flies

showed a normal tendency to light (Fig. 4E). However, they exhibited a relatively weak

optomotor response compared to control flies (Fig. 4F). Thus, although Nrv3 knockdown

flies are able to sense light, they are defective in responding to complex visual cues.

ATPα knockdown photoreceptors undergo light-independent degeneration characterized
by apoptotic/hybrid cell death

The loss of rhabdomeres in older ATPα and Nrv3 knockdown flies suggests that Na+/K+

ATPase is required to protect photoreceptors from age-dependent degeneration. Drosophila

photoreceptors degenerate through various mechanisms such as rhodopsin endocytosis-

mediated apoptosis and Ca2+-dependent necrosis (Knust, 2007; Shieh, 2011; Wang and

Montell, 2007), which are triggered by light. To investigate whether the rhabdomere

degeneration caused by loss of Na+/K+ ATPase depends on light exposure, we reared flies in

complete darkness from the embryonic stages. At 10 days old, dark-reared ATPα

knockdown flies not only lacked a light response (Fig. 5A and C) but also lost most

rhabdomeres (Fig. 5 B and D). Thus, loss of Na+/K+ ATPase leads to light-independent

rhabdomere degeneration.

To gain additional insight into the degeneration mechanism, we conducted electron

microscopy (EM) with cross sections of the retina to examine the morphology of

photoreceptors in both 1-day-old and 10-day-old flies. At 1 day old, the microvillus structure

was normal in all rhabdomeres (Fig. 6), but the rhabdomeres in ATPα knockdown flies

appeared smaller than in the control flies, which indicates either a subtle developmental

defect or an early sign of degeneration, In 10-day-old ATPα knockdown flies, however, all

the rhabdomeres were greatly reduced. In contrast to the damaged photoreceptors, the

pigment glia that wraps the photoreceptor cluster of the ommatidium did not show

significant morphological abnormalities in the knockdown flies. The degenerating

photoreceptors showed apoptotic features such as condensed nuclei and dark chromatin

clumps, as well as necrotic changes including cytoplasmic edema manifested by

vacuolization (Fig. 6). These morphological abnormalities indicate that ATPα knockdown

results in concurrent apoptosis and necrosis in the photoreceptors similar to the “hybrid” cell

death of mammalian cells due to inhibition of Na+/K+-ATPase (Yu, 2003a).

Na+/K+ ATPase is required for photoreceptors to establish a high intracellular level of K+

When Na+/K+-ATPase is inhibited, mammalian cells undergo apoptosis due to loss of

intracellular K+ (Yu, 2003a). Because the cross-membrane K+ gradient creates a negative

membrane potential, photoreceptor cells in ATPα knockdown flies also lose their K+

gradient, which causes a depolarized membrane potential in the dark. To test this, we

measured photoreceptor membrane potentials using intracellular recording electrodes in 1-

day-old flies. Neurobiotin was injected into the recorded cells after measurement to confirm

their photoreceptor identity (Fig. 7A). In control flies, photoreceptors had resting membrane

potentials at approximately −40 mV and responded to light pulses with 20 mV

depolarization, which was similar to findings from a previous report (Johnson and Pak,

1986). In contrast, ATPα knockdown photoreceptors showed no negative membrane
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potential in the dark and therefore had no response to light (Fig. 7A). Thus, ATPα

knockdown photoreceptors are already depolarized in the dark, indicating a complete loss of

the K+ gradient across the cell membrane.

Because ATPα knockdown photoreceptors appeared to have equal K+ levels inside and

outside the cell, we estimated their intracellular K+ level by measuring the extracellular level

([K+]o) in the retina using double-barrel K+ selective microprobes. In both 1-day-old and 10-

day-old knockdown flies, the basal [K+]o was approximately 10 mM, which is close to that

in control flies (Fig. 7B and C). However, the [K+]o in knockdown flies did not show a light-

stimulated increase as observed in the controls. These results suggest that the K+ level in

ATPα knockdown photoreceptors is as low as 10 mM.

Discussion

Na+/K+-ATPase activity establishes and maintains the characteristic transmembrane

gradients of Na+ and K+, which underlie essentially all vertebrate and invertebrate cellular

physiology. Although the importance of Na+/K+-ATPase to the function and survival of

both neurons and non-excitable cells has been demonstrated by decades of pharmacological

studies (Blanco and Mercer, 1998; Mobasheri et al., 2000), the involvement of neuronal

Na+/K+ ATPase defects in neurodegeneration has yet to be demonstrated in vivo. To our

knowledge, this cell-specific RNAi study reveals for the first time that Na+/K+-ATPase is

essential for normal neuronal function of Drosophila photoreceptors. More importantly, this

work provides in vivo evidence that links neuronal Na+/K+-ATPase deficiency to age-

dependent neurodegeneration.

The importance of neuronal Na+/K+-ATPase to Drosophila visual function

Genetic studies on neuronal Na+/K+-ATPase function in the past decade, which were

primarily based on the characterization of mice heterozygous for a mutation of the α3

subunit, have focused on central brain neurons (Clapcote et al., 2009; DeAndrade et al.,

2011; Moseley et al., 2007; Shiina et al., 2010); however, the importance of functional

Na+/K+-ATPase in sensory neurons remains largely unknown. Here, we show that

knockdown of ATPα in Drosophila photoreceptor neurons abolishes their response to light,

resulting in complete blindness in the fly. These results confirm the importance of Na+/K+-

ATPase in animal sensory functions. The light response of Drosophila photoreceptors is

mediated by cation influx (mostly Na+) through light-stimulated TRP channels (Hardie,

2001). Photoreceptors in ATPα knockdown flies were unresponsive to light for two reasons.

First, without a sufficient K+ gradient across the cell membrane, the cell has no negative

resting membrane potential and, thus, no electrical driving force for cation influx through

TRP channels. Second, in the absence of Na+/K+-ATPase, photoreceptors may have already

accumulated a high intracellular level of Na+ (Archibald and White, 1974) in the dark,

which prevents extracellular Na+ flow into the cell through TRP channels during light

stimulation. However, loss of the light response may not be attributed to morphological

defects in the photoreceptor. First, temporally controlled knockdown of ATPα in the adult

stage excludes the involvement of obvious developmental problems. Second, the light

response of photoreceptors was abolished in 1-day-old ATPα knockdown flies despite the
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overall normal shape of the rhabdomeres. Based on these findings, we conclude that loss of

the light response is independent of degeneration in ATPα knockdown photoreceptors.

Potential mechanisms underlying the neurodegeneration of ATPα knockdown
photoreceptors

Drosophila photoreceptors have been used as a genetic model for retinal degeneration

studies. Photoreceptor degeneration in many mutants is caused by defects in the regulation

of the visual transduction cascade and is light-dependent (Kiselev et al., 2000; Wang and

Montell, 2007). In ATPα knockdown photoreceptors, however, the visual cascade may not

mediate or regulate degeneration because light deprivation does not change the severity of

neurodegeneration in 10-day-old flies. Instead, the progressive degeneration in ATPα

knockdown photoreceptors has demonstrated characteristics of apoptotic/necrosis hybrid

cell death that are reminiscent of those observed in Na+/K+-ATPase-inhibited mammalian

cells (Yu, 2003a). When Na+/K+-ATPase is inhibited by ouabain, mammalian cells undergo

hybrid cell death, which has been attributed to a loss of intracellular K+ ions. In vitro studies

suggest that the depletion of intracellular K+ may induce apoptosis or act as a necessary

cofactor to promote apoptosis (Yu, 2003a, b; Yu and Choi, 2000). We estimate that the

intracellular levels of K+ in ATPα knockdown photoreceptors could be as low as 10 mM,

which is comparable to the 50–80% decrease in K+ observed in ouabain-treated mammalian

cells (Nobel et al., 2000; Xiao et al., 2002). Thus, the low levels of intracellular K+ could

have contributed to the degeneration of ATPα knockdown photoreceptors. Additionally,

Ca2+ overload may also have a role in photoreceptor degeneration. The depolarization of the

membrane potential in ATPα knockdown photoreceptors may activate voltage-gated Ca2+

channels and a reversed operation of the Na+-Ca2+ exchanger (Archibald and White, 1974;

DiPolo and Beauge, 1991). Both activities will increase the intracellular Ca2+ concentration

and could promote necrotic cell death (Choi, 1988). Finally, accumulation of Na+ inside

ATPα knockdown photoreceptors impairs the driving force of nutrient import through the

secondary membrane transporters, which may also play a role in cell degeneration. Hybrid

cell death, an intermediate form of cell death falling along an apoptosis-necrosis continuum,

can also be found in the neurodegeneration caused by excitotoxicity and ischemia (Martin et

al., 1998; Yu, 2003a). Therefore, further studies on the role Na+/K+-ATPase in hybrid cell

death will elucidate the mechanism of the cell death bearing both apoptotic and necrotic

features in different neuropathological conditions.

Drosophila photoreceptors as a genetic model for the study of neuronal Na+/K+-ATPase
deficiency-mediated neurodegeneration

Until now, most in vivo studies on Na+/K+-ATPase-related neurodegeneration have relied on

either pharmacological agents (Bignami and Palladini, 1966; Lees and Leong, 1994) or

Drosophila ATPα mutants (Palladino et al., 2003). Those studies have suggested that both

dysregulation and deficiency of Na+/K+-ATPase lead to extensive neurodegeneration.

However, the degeneration observed in those studies could be partially derived from defects

in non-neuronal tissues and cells in the brain. For example, Na+/K+-ATPase in the blood-

brain-barrier participates in the maintenance of water and ion homeostasis in the central

nervous system (CNS) (Harik, 1986; Keep et al., 1999), which is critical for neuronal

function and survival. In the Drosophila auditory organ (Johnston’s organ), Roy et al. found
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that knocking down ATPα in scolopale cells, principal support cells that enclose neuronal

dendrites, results in neuronal dysfunction and complete deafness (Roy et al., 2013).

Additionally, a defect of Na+/K+-ATPase in astrocytes could be responsible for neonatal

seizures and spongiform encephalopathy (Renkawek et al., 1992). In common

neurodegenerative disorders such as AD, PD and RPD, however, Na+/K+-ATPase is only

reduced in specific subgroups of neurons (Cannon, 2004; Chauhan et al., 1997; de Carvalho

Aguiar et al., 2004; Kumar and Kurup, 2002; McGrail et al., 1991). To better mimic the

neuropathological conditions of neurodegenerative diseases to study this degeneration

mechanism, it is necessary to specifically downregulate Na+/K+-ATPase in particular

neurons to avoid perturbations in other cells.

Because homozygous mutations in the mouse α3 subunit of Na+/K+-ATPase cause neonatal

lethality, genetic studies on neuronal isoforms of Na+/K+-ATPase have so far been primarily

based on the characterization of heterozygous α3 mutants. Those mouse studies, however,

have not revealed direct evidence of neurodegeneration in the brain most likely due to the

relatively moderate reduction of Na+/K+-ATPase activity in the heterozygous mutants

(Clapcote et al., 2009). Our in vivo model using Drosophila photoreceptors, which mimics

the neuropathological conditions of those neurodegenerative disorders, could be a valuable

tool for further investigating the mechanism of neuronal Na+/K+-ATPase deficiency-

mediated neurodegeneration. In addition to the genetic tools for gene modulation (Brand and

Perrimon, 1993; Dietzl et al., 2007; Roy et al., 2013), Drosophila utilizes simple assays such

as ERG, phototaxis and optomotor responses, and the optical neutralization assay to evaluate

both the function and morphology of photoreceptor neurons. Loss of Na+/K+-ATPase in

photoreceptors does not change the environmental K+ levels, allowing us to study the cell-

autonomous effects of neuronal Na+/K+-ATPase deficiency. Taking advantage of this

simple and convenient neuronal model may allow us to identify the key players in Na+/K+-

ATPase deficiency-mediated neurodegeneration, which will thereby guide us in the design

of new therapeutic strategies for neurodegenerative disorders.

Herein, we have provided evidence that either dysregulation or deficiency of neuronal

Na+/K+-ATPase causes abnormal depolarization of neurons by disrupting the intracellular

ion balance instead of extracellular ion homeostasis, which leads to neuronal dysfunction

and behavioral abnormality. Furthermore, disrupted neuronal Na+/K+-ATPase activity

triggers progressive neurodegeneration. Therefore, our study suggests that early intervention

against dysregulation or deficiency of neuronal Na+/K+-ATPase may alleviate the

progression of neurodegenerative disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations

AD Alzheimer’s disease

PD Parkinson’s disease

RDP Rapid-onset dystonia Parkinsonism

ERG Electroretinograms

GFS Giant fiber system
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Highlights

• The loss of neuronal Na+/K+-ATPase causes abnormal depolarization of

neurons by disrupting the intracellular ion balance instead of extracellular ion

homeostasis in vivo.

• The loss of neuronal Na+/K+-ATPase activity leads to neuronal dysfunction and

behavioral abnormality in vivo.

• The loss of neuronal Na+/K+-ATPase activity triggers progressive

neurodegeneration in vivo.

• We are providing in vivo evidence that links neuronal Na+/K+-ATPase

deficiency to neurodegeneration for the first time.
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Figure 1.
Knockdown of ATPα in photoreceptors results in reduced ATPα expression levels in 1-day-

old flies. A and C, Cross-sections of compound eyes were labeled with α5 antibody (green).

B and D, Longitudinal sections of compound eyes were labeled with α5 antibody. The red

signal is enhanced autofluorescence of red pigments in the pigment cells. In the 1-day-old

control lGMR-Gal4 flies (A & B), ATPα was expressed in pigment cells and the basolateral

membrane domain of photoreceptors. In 1-day-old knockdown flies (C & D), ATPα was

greatly reduced in photoreceptors and observed primarily in pigment cells.
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Figure 2.
ATPα is essential for the function and survival of Drosophila photoreceptors. A, ERG

recordings failed to reveal any light response in 1-day-old and 10-day-old knockdown flies.

The event markers underneath represent 5-sec orange light pulses. B, In optical

neutralization assays, severe loss of peripheral rhabdomeres was detected in 10-day-old

knockdown flies but not in 1-day-old knockdown flies. C, Quantification and comparison of

ERG response amplitudes. D, Based on optical neutralization assays, the rhabdomere

integrity index (Materials and Methods) was dramatically decreased in 10-day-old but not in

1-day-old knockdown flies. E, The light-off stimulation elicited a large peak of giant fiber

response within 40 ms in the control lGMR-Gal4 flies. No visually elicited giant fiber

response was observed in ATPα knockdown flies. F and G, Both phototaxis and the motion-

dependent walking optomotor response in ATPα knockdown flies were severely impaired.

Asterisk (*): p< 0.01; Two-tailed t-test. Error bars denote S.E.M.
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Figure 3.
ATPα in photoreceptors is required for visual function in adult flies. lGMR-GAL4, tub-

gal80ts AtpαRNAi and control lGMR-Gal4 flies were exposed to 31°C (to allow for ATPα

RNAi) at either the pupal or adult stage before being examined 2 weeks after eclosion. A,

ERG recordings revealed that flies with ATPα knockdown starting at the dark pupal stage

had virtually no light response, whereas those that underwent RNAi from the larval to light

pupal stages showed normal response. No significant ERG phenotype was observed in any

of the control flies and lGMR-GAL4, tub-gal80ts AtpαRNAi flies that were kept at a constant

18°C. B, Optical neutralization assays showed that photoreceptors undergoing ATPα RNAi

from the dark pupal stage had degenerated, whereas those with ATPα RNAi from the larval

to light pupal stage had intact rhabdomeres. C, Comparison of the ERG amplitude among

control flies and those subjected to ATPα RNAi at different stages. D, Comparison of the

rhabdomere integrity index. Asterisk (*): p< 0.01; Two-tailed t-test. Error bars denote

S.E.M.

Luan et al. Page 19

Exp Neurol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
The Na+/K+-ATPase β subunit Nrv3 is essential for the function and survival of Drosophila

photoreceptors. Na+/K+-ATPase β subunits Nrv1, Nrv2 and Nrv3 were separately knocked

down in photoreceptors. A, ERG recordings revealed that the light response in both 1-day

and 10-day-old Nrv3 knockdown flies was impaired. No ERG defect was observed in either

the control GMR-Gal4 flies or the Nrv1 and Nrv2 knockdown flies. B, Optical neutralization

assays showed a severe loss of peripheral rhabdomeres in 10-day-old Nrv2 knockdown flies

but not in 1-day-old flies. C, The amplitude of the ERG response was reduced to a similar

extent in 1-day-old and 10-day-old Nrv3 knockdown flies. D, The rhabdomere integrity

index was dramatically decreased in 10-day-old Nrv3 knockdown flies. E, Nrv3 knockdown

flies had normal phototaxis but exhibited a weaker optomotor response. There were no

significant differences within genotypes between 1-day-old and 10-day-old flies. Asterisk

(*): p< 0.01; Two-tailed t-test. Error bars denote S.E.M.
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Figure 5.
Photoreceptor degeneration and the loss of light response in 10-day-old ATPα knockdown

flies are independent of light exposure. A, No ERG difference was observed between light-

exposed and dark-reared flies in both the control and ATPα knockdown groups. B, Optical

neutralization assays showed that both light-exposed and dark-reared knockdown flies

exhibited a severe loss of rhabdomeres with no obvious difference. C and D, Comparison of

the ERG response amplitude and the rhabdomere integrity index, did not reveal significant

difference between light-exposed and dark-reared knockdown flies. Asterisks (*) indicate

significant differences compared to the control flies (p< 0.01; Two-tailed t test). Error bars

denote S.E.M.
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Figure 6.
EM analyses revealed that ATPα knockdown photoreceptors in 10-day-old flies underwent

neurodegeneration as characterized by apoptotic/hybrid cell death. Those photoreceptors lost

rhabdomeres, and the remaining rhabdomeres were reduced in size (d). Apoptotic features,

including condensed nuclei and dark chromatin clumps (indicated by arrow, d3),

accompanied by necrotic changes such as cytoplasmic edema manifested by vacuolation

(indicated by asterisks, d2 and d3) were observed in the cell bodies of degenerating

photoreceptors. Although rhabdomeres in 1-day-old knockdown flies appeared to be slightly

smaller than those of control lGMR-Gal4 flies, no obvious degeneration was observed (c2

and c3).
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Figure 7.
The photoreceptors in ATPα knockdown flies lost their ability to maintain the K+ gradient.

A, Intracellular recordings of photoreceptors were performed in 1-day-old control lGMR-

Gal4 and ATPα knockdown flies. The resting membrane potential of the photoreceptor in

the dark is approximately −40 mV in controls (n=10) and 0 mV in knockdown flies (n=10).

Light stimulation failed to trigger any electrical response in the ATPα knockdown

photoreceptors. To confirm the cellular identities, photoreceptors were electrically injected

with neurobiotin, and the labeled cells were visualized by streptavidin-Alexa Fluor 488

conjugate and rhodamine phalloidin. B, Retinal [K+]o levels were measured with double-

barrel K+-selective microelectrodes. The [K+]o level was increased by a 40-sec light

stimulation in 1-day-old and 10-day-old control flies but not in ATPα knockdown flies.

Dashed line: signal level in the dark. C, Comparison of basal [K+]o levels and the 40-sec

light-stimulated [K+]o levels shows an increase in the retina between the control and ATPα

knockdown flies. Asterisk (*): p< 0.01; Two-tailed t-test. Error bars denote S.E.M.
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