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ABSTRACT

In the majority of neurons, the intracellular Gncentration is set by the activity of the
Na'-K*-2CI cotransporter NKCC1 and the {CI" cotransporter KCC2. Here, we investigated the
cotransporters’ functional dependence on membrane rafts. In the nadtrain, NKCC1 was
mainly insoluble in Brij 58 and codistributed with the membrane rafker flotillin-1 in sucrose

density flotation experiments. In contrast, KCC2 was found in the ibleoftaction as well as in
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the soluble fraction, where it codistributed with the non-raft mattegrsferrin receptor. Both
KCC2 populations displayed a mature glycosylation pattern. Disruptiemghmane rafts with
methyl{3-cyclodextrin (MBCD) increased the solubility of KCC2, yet had no effect on NKCC1.
In HEK-293 cells, KCC2 was strongly activated by a combined tesatrwith M3CD and
sphingomyelinase, while NKCC1 was inhibited. These data indicatengabrane rafts render
KCC2 inactive and NKCC1 active. In agreement with this, inacti@CK of the perinatal rat
brainstem largely partitioned into membrane rafts. In addition,Xpeserre of the transporters to
MBCD and sphingomyelinase showed that the two transporters diffelsentisdract with
membrane rafts. Taken together, membrane raft association afgpesgyeesent a mechanism for
coordinated regulation of chloride transporter function.

Keywords: brain development, cation chloride cotransporter, chloride hosispstaolesterol,
inhibitory synapse, microdomain
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INTRODUCTION

The intracellular Clconcentration ([C];) in neurons is mainly set by an interplay of the two
cation chloride cotransporters NKCC1 and KCC2 (Blaetsal. 2009;Delpire 2000). These
proteins belong to the family of cation chloride cotransporters (C&&nba 2005). In many
immature neurons, NKCC1 provides the highJj@equired for the depolarizing action of GABA
by a coupled NaK™-2CI import (Sipilaet al. 2009;Achilleset al. 2007;Yamadat al. 2004). In
contrast, KCC2 mediates the coupled export &faad Cl, thereby generating an inwardly
directed, hyperpolarizing electrochemical gradient forirfCmost adult neurons (Balakrishnein
al. 2003;Huebneet al. 2001;Riveraet al. 1999;Zhuet al. 2005).

KCC2 and NKCC1 are coexpressed in many neurons (Balakrighahr2003;Price and
Trussell 2006;Vardet al. 2000). Developmental immunoblot analysis demonstrated KCC2 in the
immature brain (Blaess# al. 2006), which also expresses high levels of NKCC1 (Plaakad.
1997). Mature cortical neurons express not only KCC2, but also NKCClintamaa high [Cl;
in the axon initial segment (Khirug al. 2008). This coexpression of a Qptake (NKCC1) and
a CI extrusion system (KCC2) requires a coordinated regulation oflvth&ansporters. Previous
studies have reported an opposite regulation of their transport actigitphosphorylation
(Darmanet al. 2001;de Lot al. 2006;Gagnoret al. 2006;Songet al. 2002) or via interaction
with CIP1 (Caroret al. 2000;Wenzet al. 2009). However, the cellular mechanisms underlying
transporteregulation are largely unknown.

In recent years, membrane rafts have been established akilar qdhtform for the
regulation of protein activity (Allelt al. 2007). Membrane rafts are small (10-200 nm diameter),
highly dynamic, cholesterol-, sterol- and sphingolipid-enriched microdonfgike 2006). They
have been associated with diverse functions, such as intracelldlag swrproteins, membrane
trafficking, and signal transduction (Mishra and Joshi 2007). Proteineimbnane rafts resist
cold extraction by non-ionic detergents and thereby display a low-budgasity in sucrose
flotation experiments. In contrast, detergent extraction disryptsgrotein interactions in non-
raft domains, such that these proteins become solubilized and end up Imghheensity
fractions. In neurons, membrane rafts play an important role in newswiission and harbor
acetylcholine receptors, glutamate receptors, GABAceptors, as well as the transporters
EAAT2, SERT, and NHE3 (Alleet al. 2007).

Recently, the CCC family members NCC and NKCC2 (Wetkaal., 2008) as well as
KCC3 and KCC4 (Fujiet al., 2008) were identified as membrane rafts-associated proteins. Here



we addressed the question whether KCC2 and NKCC1 are localized st® mfembrane
microdomains. For that purpose, we investigated the role of suchmafi€C2 and NKCC1

transport activity.

MATERIALSAND METHODS

Animals were bred and housed in our animal facility and treatednplcance with the current
Animal Protection Law. All protocols were approved by the regionamalnicare and use
committees and adhered to the NIH Guide for the Care and Use of Laboratory Animals.
Membrane preparation from rat brain tissue

Rats were killed by decapitation during chloral hydrate-induced asésttie mg kg body
weight i.p.). Brains were rapidly dissected and stored at -80°C. Memlhiractions were isolated
according to a previously published protocol (Guillereinal. 2005) and either immediately
subjected to detergent treatment or stored in aliquots at -80°C.

Isolation of membrane rafts

Membrane homogenates from brain tissue were treated in 3 ml TNE (50 mM TrisMLBIA@H,

5 mM EDTA, pH 7,4) with 1% Brij 58 for 30 min on ice. The homogenate was then mixed with 2
ml 70% (w/v) sucrose solution in TNE, transferred into a polyallareatrifuge tube (14 mm x
95 mm, Beckman Coulter, Krefeld, Germany), then carefully overlaid 3vb ml of 30% (w/v)
sucrose solution in TNE and finally with 3.5 ml 5% (w/v) sucrose swiuth TNE. Thereafter,
discontinuous sucrose density gradient centrifugation was carriedt out°@ for 22 h at
230,000« g, using a SW40 rotor and an Optima L-80 XP ultracentrifuge (Beckowautter).
Twelve fractions of equal volume were collected from the bottorhaddp of the discontinuous

sucrose gradient.

Immunoblot analysis

Immunoblot analysis was conducted as described previously (Nothsvaahg2003). Primary
antibodies were anti-flotillin-1 (BD Biosciences, Heidelberg, ey, dilution 1:500), anti-
cKCC2 Blaesse et al., 2006, dilution 1:5,000), anti-NKCC1 (T4 antibody (Develogingtaties
Hybridoma Bank lowa, dilution 1:1,000), anti-Ni&*-ATPase alpha subunit (a5, Developmental
Studies Hybridoma Bank lowa, dilution 1:1,000) and anti-transferrin recdptoitrogen,
Karlsruhe, dilution 1:1,000). The secondary antibodies were goat anti-lg@bdr anti-mouse
IgG horseradish peroxidase-conjugated (1:5,000, GE Healthcare, Freilmrmgarty). Bound



antibodies were detected using an enhanced chemiluminescencePaskayElmer) and a Las-
3000 documentation system (Fuiji).
Manipulation of membrane rafts

Cholesterol from brain membrane homogenates was depleted by four rouredgroént
with 50 mg/ml methyB-cyclodextrin (M3CD; Sigma, Taufkirchen, Germgnin 1 ml TNE on
ice for 30 min. Solubilized cholesterol was removed by pelleting tbebrane suspension at
100,000 x g for 30 min. Thererafter, membranes were treated with 1 %8B§ at a protein to
detergent ratio of 1 : 2.5. For cholesterol depletion of HEK-293 cdlls were washed once
with PBS and then incubated in 10 mg/mB®D in serum-free DMEM for 30 min at 37 °C. For
treatment with sphingomyelinase (SMase, Sigma), cells washed and incubated with 100
muU/ml for 1 hour 50 min at 37°C. When combining both treatments, celks wenbated at 37
°C first for 80 min with SMase, and thenfkdD was added for 30 min. After treatment, cells
were immediately processed for flux measurements, confocailngjadnolesterol content, or cell
viability measurements.

Cholesterol content of membranes was determined enzymaticaily tis¢ Randox
Cholesterol reagent kit in comparison with a cholesterol standamd(R, Krefeld, Germany).
Cell viability was tested in 96 well plates using the cytotibxiassay MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) as previouslycdiesd (Mosmann
1983). After cell treatment with SMase and MRBCD, cells werghe@ twice with PBS and then
incubated with 110 pl DMEM plus 5 mg/ml MTT reagent per well.eAfihcubation for 4 h,
solubilisation solution (10 % SDS in 0.01 mol/l HCI) was added and thesplatre incubated
over night at 37°C. The spectrophotometric absorbance of the purple fororgztals were
measured at 595 nm using an ELISA reader (Multiscan Ascent, lsabnSy, Vienna, USA). The
reference wavelength was set to 800 nm.

Deglycosylation with EndoH or PGNase F

Deglycosylation experiments were performed using the endoglyceskdlg&ndoH) or theN-
glycosidase F (PGNase F) (New England Biolabs, Frankfurt, Ggma5 pug of membrane
proteins were first incubated for 10 min at 40 °C in glycoprotein denaturing §0f86 SDS, 40

mM DTT) and then incubated for 2 h at 37 °C in either 50 mM sodiunteifpdd 5.5) at 37 °C,
supplemented with 1,250 units EndoH, or in 50 mM sodium phosphate (pH 7.5), 1% NP-40,
supplemented with 1,250 units PGNase. After incubation, samples weratedpan a 4-12%
Bis-Tris NUPAGE system for 2.5 h at 150 V.



Generation of expression constructs

Standard PCR and cloning techniques were used to generate KCC2 arfil N¥@ression
constructs. The open reading frame (ORF) of rat KCC2 was clonedthet mammalian
expression vector pEF5/FRT/V5-Dest (Invitrogen) and into the pEGFRed®r (Clontech).
The ORF of rat NKCC1 was cloned into the pDONR/Zeo vector (Inwettpgnd then moved
into a Gateway-compatible pEGFP-N3 vector. All three constru@§XEF5/FRT/V5, KCC2-
EGFP-N3, and NKCC1-EGFP-N 3 were used to generate HEK-293resl dtably expressing
the transporters. To do so, cells transfected with the differentraotsswere selected for stable
integration by culturing them in the presence of 1.5 mg/ml hygromycin or G418 (Invitrogen).
Determination of transport activity

Transport activity was assessed in HEK-293 cells by measutirdefendent uptake 8fRb*
(PerkinElmer Life Sciences, Rodgau-Juegesheim, Germany), a comjee HEK-293 cells
were grown to 100% confluency on poly-L-lysine-coated wells of a & evdlure dish. To
determine KCC2 transport activity, cells were incubated in 1 eihpubation buffer (100 mM
N-methyl-D-glucamine-chloride, 5 mM KCI, 2 mM CaCD.8 mM MgSQ, 5 mM glucose, 5
mM HEPES, pH 7.4, 0.1 mM oubain). After 30 min at 37°C, the preincubation hwéer
replaced by 1 ml incubation buffer (preincubation buffer containing 37 ¥Bid) incubated for
another 7 min at room temperature. Following three washing stepslincé-cold preincubation
buffer without oubain, cells were lysed in 500 pl 0.25 M NaOH for®#Rb" uptake was assayed
by the determination of Cerenkov radiation and the protein amount wasohetérby the BCA
Assay (Pierce). Flux data were corrected for changes irviedlility by subtracting the protein
amount corresponding to dead cells from the total protein amount detdrrafter flux
measurements.

NKCCL1 transport activity was determined using a modified protocgDehayeet al.
2003). Cells were washed twice with preincubation buffer (135 mM Na€ImM KCI; 1 mM
CaCb; 1 mM MgCI2; 15 mM Na-HEPES; 5 mM glucose; pH 7.4) and then incdidatel0 min
at 37 °C. The wells were washed with hypertonic chloride-free n{é8& mM; Na-gluconate;
2.5 mM K-gluconate; 1 mM Cagll mM MgCh; 15 mM HEPES; 5 mM glucose; 100 mM
sucrose; pH 7.4) before they were incubated for 1 h at 37 °C. The cHieedmedia was then
replaced by chloride-free media plus 0.1 mM ouabain for further 10 n®7 &C. Therafter,
8Rb" uptake was measured in uptake media (135 mM NaCl; 1mM KCI; 1 m&,CE mM
Na-HEPES; 5 mM glucose; 0.1 mM ouabain; 0.3 |i®Rb"; pH 7.4) for 7 min at room



temperature. Following three washing steps in 1 ml ice-cold natran media (135 mM Na-
gluconate; 7.5 mM NaCl; 15 mM HEPES; pH 7.4), cells were lysed in 500 pl 0.25 M NaQH for
h. At least 6 replicas were performed for each experiment. Braagiven as mean + s.d.
Significant differences between the groups were analyzed by stutests

Confocal imaging

To visualize the distribution of the KCC2- and NKCC1-EGFP fusion pretafter membrane
raft perturbation, HEK-293 cells cultured on sterile glass copsrglie-treated with 0.1 mg/mi
poly-L-lysine were washed once with PBS and fixed with 4% parafolehyde in 0.2 M
phosphate buffer for 15 min at room temperature. After fixation, eadl® washed three times
with PBS and mounted onto glass slides with Vectorshield Hard @etting medium (Vector
laboratories, Burlingame, CA). Photomicrographs were taken using a@focal microscope
(Leica, Wetzlar, Germany) equipped with ax@33 NA glycerol immersion objective. The

pinhole diameter was set for 1 Airy Unit.

RESULTS

Association of KCC2 and NKCC1 with membraneraftsin the maturebrain

In order to investigate whether KCC2 and NKCC1 are associatédmémbrane rafts, these
membrane domains were isolated from P25-30 rat brains by flotatparieents (Pike 2006).
We extracted the membranes using 1% Brij 58 at a protein togedeteratio of 1:2.5 and
separated detergent-soluble from detergent-insoluble proteins by disoost sucrose gradient
centrifugation. Collected fractions were assessed by immunobloisen&br the presence of
KCC2 and NKCC1, as well as for the membrane raft marker prdtgilin-1 (Bickel et al.
1997) and the transferrin receptor (TfR), a non-raft marker proteird@det al. 1998) (Fig. 1).
The separation of flotillin-1 from TfR demonstrated the successfpdration of membrane rafts
from non-raft domains (Fig. 1A). We detected two KCC2 populations Bfigis8 treatment.
One part of KCC2 was recovered in the low-density fractions 4-6 @idtcbuted with flotillin-
1. A second population codistributed with TfR predominantly in the high-denadiyons 10-12
(Fig. 1A). The immunoblot analysis showed similar amounts of KCC2 im bopulations (Fig.
1A). The higher molecular weight of KCC2 mainly observed in the higisitefractions 10-12
compared to insoluble KCC2 in the lower-density fractions was lileé/to aggregation of the

protein in the absence of a lipid environment during centrifugation,easntent with high



concentrations of reducing agents prior to gel electrophoresis digéswt in any mobility shift
(data not shown). It was therefore not possible to judge whether th&8Bsoluble KCC2
population represented oligomeric KCC2 and the Brij 58 insoluble population necicd€C2
(Blaesse et al., 2006). Unlike KCC2, most NKCC1 was detected Inwlee-density fractions 4-
6, together with flotillin-1 (Fig. 1A). As the protein to detergeatia is a key parameter with
great influence on the outcome in flotation experiments (Adeal. 2007;Scandroglicet al.
2008), we varied this ratio from 1:1 to 1:10. This only slightly afftcelubilization of KCC2
and NKCC1 in Brij 58 (data not shown).

The data obtained so far implied that KCC2 is localized both to nsmabafts and non-
raft domains, whereas NKCCL1 is mainly associated with Brijes&tant membrane rafts. As
cholesterol is a major component of membrane rafts, we assess#tew perturbing the
membrane cholesterol content resulted in increased solubility ahémebrane raft-associated
transporters. One means to disrupt the organization of cholestérolhrcrodomains is
cholesterol depletion by meth@lcyclodextrin (M3CD) (Butchbachet al. 2004;Magnaniet al.
2004;Schuclet al. 2003;Tavernaet al. 2004). We therefore incubated membrane homogenates
with MBCD prior to Brij 58 treatment. A 60% reduction of cholesterol did nter ahe
distribution of KCC2, and a 70% reduction partially shifted KCC2 from ldveer-density
fractions to higher-density fractions (data not shown). An almost @enpdepletion of
cholesterol resulted in a strong increase in solubilized KCC2, e mmmunoreactivity was
recovered in fractions 8-12 (Fig. 1B) and thus shifted by four fractongpared to Brij 58
treatment without previous cholesterol depletion. By contrast, NKCGL stith recovered in
lower-density fractions. This observation was reminiscent of thmmshift of the membrane
raft-associated NKCC2 after BCD treatment of cultured renal tubular cells (Wellkeral.,
2008). We therefore concluded that NKCC1 is associated with memlafésiewhereas KCC2
forms two populations, with one being located outside rafts.

Finally, we analyzed the distribution of the W&'-ATPase, whose association with
transport-active KCC2 has been suggested (lkeedh 2004). The large majority of this protein
became solubilized in Brij 58 and was recovered in fractions 9-12 Ay After MBCD
treatment, all N3K*-ATPase was observed in fractions 8-12 (Fig. 1B). This finding conftoms
previous studies reporting the W&"-ATPase as a non-membrane raft protein (Eckesl.
2003;Niniet al. 2007;Becheet al. 2001).

Glycosylation pattern of raft-associated and non-raft-associated cotransporters



One explanation for the two KCC2 populations that we found is a diffeyealization within
specific subcellular compartments. The membrane preparation usaat fitwtation experiments
represents a mixture of the plasma membrane and membraneaa#liatar compartments such
as the endoplasmic reticulum and the Golgi apparatus. To check winethepopulation
represents intracellular KCC2, we enzymatically deglycosglahe two KCC2 populations
obtained by Brij 58 treatment. The endoglycosidase EndoH cleaves niagilynannose
glycosylated forms, which are indicative of proteins within the endaptareticulum (Maleet
al. 1989). The amidase PGNase F cleaves also complex oligosacchisades\-linked
glycoproteins, which form during the passage through the Golgi appékédilesy et al. 1989).
We performed the deglycosylation experiments on pooled fractions 4-61@i@. After
incubation with the respective enzyme, proteins were analyzed bynobiotting. Both KCC2
populations were insensitive to EndoH (Fig. 2A). In contrast, PGNassatment resulted in a
shift of both KCC2 populations towards lower molecular weights comparedtreated samples
(Fig. 2B). The increased molecular weight of KCC2 in the Brijrisiuble pool, compared to
the untreated fractions (cf. Fig. 1A), probably reflects an agyoegof the transporter caused by
the required denaturing protocol prior to enzymatic treatment. Theldatanstrate that both the
soluble and the insoluble KCC2 population display a mature glycosylatiterrpand likely
represent KCC2 from compartments distal to the cis-Golgi, and likely from plasembrane.

I nfluence of membraneraft perturbation on KCC2 and NKCC1 transport activity

To further investigate the role of membrane rafts in KCC2 and GIKfinction, we studied the
effects of cholesterol depletion dfRb" transport (Williams and Payne 2004;Gagreiral.
2006;Mercadaet al. 2006). To examine the influence of membrane rafts on the functionélity
KCC2, we used a HEK-293 cell line which stably expresses thisporter (HEK-295<9).
NKCC1 is endogenously expressed in HEK-293 cells (Iseneingl. 1998;Dehayeet al.
2003;Delpireet al. 2009). Our previous flotation experiments indicated a strong assooudtion
NKCC1 with membrane rafts. We therefore used three differenbqmist to disrupt membrane
rafts. Cell cultures were treated either with 10 mg/rgld® for 30 min (Magnangt al. 2004), or
with 100 mU/ml sphingomyelinase (SMase) (Scheell. 1997;Fischeet al. 2007), or with a
combination of both agents. SMase hydrolyses the membrane raft compphigigomyelin to
ceramide (Yuet al. 2005). First, we analyzed the effect of the treatments on tbetigéness of
the cholesterol depletion and cell viability (suppl. Fig. 1). 45% of ctesl@swvas sequestered by
the MBCD treatment (suppl. Fig. 1A). This was similar to a previousported depletion of



~50% in HEK-293 cells (Magnamt al. 2004). The remaining cholesterol likely reflects the fact
that MBCD is membrane-impermeable and does therefore not deplete cloblefsten

intracellular membranes. Cell viability was 88% aftef®D treatment, 92% after SMase
treatment, and 74% after combined treatment (Fig. 3B). Singlentaa thus barely affected
viability, and the viability was still high after combined treatment.

Next, we determined the flux activity after perturbation expents. To do so, we first
confirmed pharmacologically the presence of KCC2- and NKCC1-mddfatees in the cell
lines used for this study. TH&Rb influx was 1.8 fold higher in HEK-28%°2 cells than in native
HEK-293 cells (14.4 + 2.4 nmoles x mg protéin min* vs 7.99 + 2.0 nmoles x mg prot&ir
min™). This increase was highly significant (p = 7.4 x')l@nd the flux was reduced by 45% in
the presence of 2 mM furosemide, similar to a previous study (8teaag 2000). Native HEK-
293 cells displayed Rluptake, which was blocked by 10 pM bumetanide (Fig, 3B; remaining
activity: 2.3%), a concentration that is relatively specificN&CCs (Blaesset al. 2009;Russell
2000). The activity of KCC2 increased 3-fold afteB®D treatment (Fig, 3A; 300.1 £ 45.7%; p

= 8.4x10"%). The combined CD and SMase treatment resulted in an increased KCC2 activity
of 671.7 + 152.4% of the control (p = &20%°) (Fig. 3A). SMase alone activated KCC2 only to
a small, albeit significant extent (142.9 + 15.1%; p =x&@"% (Fig. 3A). The observed increase
after all treatments was blocked by furosemide (Fig. 3A) andalvesys significantly different
from those observed in native HEK-293 cells subjected to the saateérd (data not shown).
Unlike KCC2, NKCCL1 transport activity after cholesterol depletioM@BCD (144 + 19.1%, p =
1.1x10°) was only slightly increased compared to untreated cells 8B)y. This increase was
completely blocked by 10 uM bumetanide (Fig. 3B). In contrast, breaking siplngomyelin
by SMase reduced NKCC1 activity almost 2-fold (58.3 + 9.6%; p = 103) (Fig. 3B). Similar

to KCC2, the combined action of both agents had a more pronounced effegithieatreatment
alone and reduced NKCC1 activity to 38.6 + 17.1% (p<4.@°) (Fig. 3B).

Effect of membraneraft disruption on KCC2 and NKCC1 localization

The observed changes in transport activity after disruption of memiatisg@rompted us to ask
whether the location of the transporters was altered. To address this issued \WEKs293 cells
which stably express KCC2-EGFP or NKCC1-EGFP fusion proteinsotim constructs, EGFP
was fused to the intracellular C-terminus of the transportersmtheated controls, we observed a
granular staining pattern at the plasma membrane of the cel®th, KCC2 and NKCC1 (Fig.



4A, E, I, M). The first and third rows depict cross sections andebensl and fourth rows the
basal surface of the same cell. After treatment wifCla, a slighty more pronounced staining at
the plasma membrane was apparent for both transporters (Fig. 4B\)};which is consistent
with the transport results (Fig. 3). SMase alone resulted in nblevishanges in KCC2 and
NKCC1 distribution (Fig. 4C, G, K, O). The combine3®D and SMase treatment resulted in
large, sharp clusters of the transporters at the plasma men{bignéD, H, L, P). These data
indicate that perturbation of membrane rafts affects the lat@iiz of the transporters at the

plasma membrane.

KCC2 association with membraneraftsin theimmature brainstem

Our data from the flux measurements in HEK-293 cells indicatedtleadetergent-insoluble
KCC2 population, which we observed in flotation experiments of the mhatane, corresponds
to transport-inactive KCC2, whereas the detergent-soluble populati@seeps transport-active
KCC2. We therefore analyzed KCC2 partitioning in the brainstelR®. At this immature age,
most KCC2 is thought to be transport-inactive (Blaegssk 2006). According to our conclusion
from the flux measurements that the membrane raft-associ@&® opulation of the mature
brain represents transport-inactive KCC2, we expected to recovéR KiCthe membrane raft
fraction at P0O-2. Indeed, after treatment with Brij 58, KCC2 ended theilow-density fractions
3 and 4, together with the membrane raft marker protein flotillifgd. (5A). Only a minor
amount of KCC2 was solubilized. Similar to P25-30, we observed highercuterienveight
KCC2 aggregates. They were distributed throughout the gradierdgrimgyrthe distribution of
monomeric KCC2 at 130 kDa.

To assess whether the presence of KCC2 in membrane raftsimntia¢ure brainstem
was due to the segregation into cholesterol-rich membrane saftbsarved in the mature brain,
we depleted cholesterol with BCD from the membrane homogenate. Under this condition,
which extracted ~70% cholesterol from the membranes, most KCC2ohase in Brij 58 and
consequently, it recovered at higher densities, mainly in fracticarsdénhigher (Fig. 5B). This
shift towards higher-density fractions was thus similar to biodesterol depletion experiments in
the mature brain (cf. Fig. 1B). Together, these data support thethdegartitioning into

membrane rafts renders KCC2 inactive.



DISCUSSION

Interactions between proteins and lipids are essential to maljacdlnctions. The present
work investigated the association of two essential cotranspoaersei@ironal Clhomeostasis,
KCC2 and NKCC1, with membrane rafts. Two main findings arose from our study.r(ipiae
raft perturbations have opposite effects on the activity of the twr@rsporters. (i) The two
cotransporters differentially associate with membrane raft microdomains

Modulation of KCC2 and NKCC1 transport activity by membranerafts

A defining characteristic of membrane raft proteins is thesistance to solubilization in non-
ionic detergents. By means of flotation experiments, about half @Xénd the majority of
NKCC1 codistributed with the membrane raft marker flotillin-1 hie tower-density fractions.
This provided strong evidence that a considerable portion of both cotranspsressociated
with membrane rafts, similar to the CCC family members BRCKCC4 (Fujii et al. 2008),
NKCC1, and NCC (Welkeet al. 2008). We used Brij 58 instead of Triton X-100, as the former
was previously shown to be better suited to analyze the membraassadiation of the neuronal
transporters SERT (Magnagtial. 2004) and EAAT2 (Butchbaddt al. 2004).

To determine the physiological relevance of this segregationmetmbrane rafts, we
disrupted these domains in HEK-293 cells, which are a widely usednaigan expression
system for these CCC transporters (Sirmetra. 2004;Moore-Hoon and Turner 2000;Westal.
2009). Furthermore, HEK-293 cells faithfully reproduce the differenéiedeting of neuronal
potassium channels to distinct membrane rafts (O'Connell and Tamkun 2B@%ivotal result
of these experiments was that KCC2 was activated by perturlmdtimembrane rafts, whereas
NKCC1 was inhibited (Fig. 3). This modulation likely occurred via a chamgjgei distribution of
the transporters at the plasma membrane as evidenced by confocal imaging éfiglys).

The functional dependence of NKCC1 on the integrity of membrane t@dtther with
its location in these microdomains, identifies the cotransporter lasna fide membrane raft
protein. Unlike NKCC1, flotation experiments demonstrated two populatmmKE@C2 in the
brain, a detergent-soluble and a detergent-resistant pool (Fig. h).pBptilations displayed a
mature glycosylation pattern, indicating that they originated tompartments distal to the cis-
Golgi, and likely from the plasma membrane (Fig. 2). The observediaan of KCC2 after
cholesterol depletion suggests that the detergent-soluble populati@semgr constitutively
transport-active KCC2 in the plasma membrane of unperturbed celonbnast, transport-

inactive KCC2 constitutes the insoluble population, which can be acti\mtguerturbation



experiments. This is analogous to the two populations of the sroféyrilsine kinase LCK,
where the membrane raft-associated enzyme displays low y&ivit the non-membrane raft
population high activity (Kabouridist al. 2000;Rodgers and Rose 1996). Our analysis of the
immature brainstem, which contains mainly inactive KCC2 (Blaetsale 2006), is in agreement
with this conclusion. At this developmental stage, KCC2 mainly mar&t into membrane rafts.
This was evidenced by codistribution of KCC2 with the membrane ftenflotillin-1 and its
shift to higher-density fractions after cholesterol depletion wiCRa.

It is of note that in neuronal cells, the W&-ATPase is mainly observed in the non-
membrane raft fraction (Eckest al. 2003;Niniet al. 2007). This conforms with the observation
that this primary active transporter interacts with KCC2 tonfar larger complex, allowing for
efficient functional coupling in the nervous system at the moletalat (Ikedaet al. 2004). The
functional role of membrane rafts in KCC3 and KCC4 transport acthdts not yet been
investigated (Fujiet al. 2008). It is therefore unclear whether other KCC family memisepsire
membrane rafts for proper transport activity.

Due to the opposite effect of membrane rafts on the activity d€X@nd NKCC1, a
shared regulatory mechanism for localization to membrane raitddvallow for efficient and
dynamic regulation of [Cl in neurons. It is currently unknown whether a shared mechanism
exists and how dynamically the two transporters can shift betvdiféerent membrane
compartments. In many cases, proteins are targeted to membtarather via protein-protein
interaction or by protein modification, such as acylation. It migkb ae worthwhile to
investigate whether the reciprocal effect of phosphorylation on thatyof the two transporters
(Gagnonet al. 2006;Kahleet al. 2005) involves their redistribution between different plasma
membrane compartments. It will also be important to study whetleelotation of transport-
active KCC2 outside membrane rafts and of NKCC1 within membrdtseparticipates in the
different subcellular distribution of the two transporters, such asaxiomal localization of
NKCC1 (Khiruget al. 2008).

KCC2 and NKCC1 differentially associate with membranerafts

We observed strikingly different sensitivities of the two cotrarsp®rtowards the two
membrane raft disturbing agents3MID and SMase (Fig. 3). Cholesterol depletion bgQw
activated KCC2, whereas it only slightly affected NKCC1 trartspctivity. In keeping with this
finding, MBCD treatment of brain membranes shifted the distribution of KCC2 nbutof
NKCC1 (Fig. 1). However, it is of note that we had to deplete clestdgby> 70% in the brain



before observing a visible increase in KCC2 solubility after 836 treatment. This indicates a
rather strong association of KCC2 with membrane rafts, as a @&@¥sterol depletion was
already sufficient to shift, for instance, the,£4 subunit (Tavernet al. 2004).

In contrast to cholesterol depletion, the break-down of sphingomyelin bgeSMduced
NKCC1 activity by ~50%, whereas KCC2 was only slightly affddby this treatment (Fig. 3).
Insensitivity to SMase has already been observed for other memtafan@oteins. A mass
spectrometric analysis revealed only a selective loss of psdteim membrane rafts after SMase
treatment (Yuet al. 2005). G-proteins and flotillins remained associated with membrdize ra
under this condition, whereas their level in membrane rafts dedrafise cholesterol depletion
(Fosteret al. 2003;Yuet al. 2005). Furthermore, no reduction in membrane raft association was
observed for the proteins PLAP, YES, caveolin-1, and VIP17 (Sc#watk2003). We attempted
to analyze the effect of SMase on the distribution of the two doatess by sucrose gradient
centrifugation. However, treatment by SMase resulted in aggegaembrane fractions which
prevented further flotation experiments (A.M.H. and H.G.N., unpublished data).

The underlying mechanism of this different sensitivity to membrafigerturbing agents
is currently unclear. It might be either caused by an associatitdCC2 and NKCC1 with
different components within the same membrane rafts or by lotatizato different membrane
rafts. Recent data indicated a rather high degree of heterggesthitn membrane rafts (Pike
2004;Mishra and Joshi 2007). Immunofluorescent probes and immuncytochemicalglaijel
raft-specific lipids and proteins as well as biochemical arsalydl help to distinguish between
these two possibilities.

In conclusion, our data identify a cellular mechanism for the coordinatgulation of
NKCC1 and KCC2 during neuronal development as well as in subcellular domains.
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FIGURE CAPTIONS

Fig. 1 Different solubility of NKCC1 and KCC2 in Brij 58. Membranes were prepared from
1.5 mg brain tissue of P25-30 rats, solubilized in 1% Brij 58 with aiprtdedetergent ratio of 1

: 2.5 for 30 min, and subjected to flotation experiments through a discontinuous suadsetg
Twelve fractions were collected, and their protein content wasraedaby SDS-PAGE.
Immunoblots were probed for the abundance of NKCC1, KCC2KNaATPase, flotillin-1, and
transferrin receptor (TfR). (A) NKCC1 was enriched in the lomsttg, Brij 58-insoluble
fractions 4-6, codistributing with flotillin-1. For KCC2, a detergergaluble and a detergent-
soluble KCC2 pool became apparent. The alpha subunit of théK'NATPase was largely
solubilized and appeared in the high-density fractions. (B) Removahalésterol from the
membrane homogenate by methyl-3-cyclodextrin (MBCD) prior to déxtnaevith Brij 58
resulted in a shift of KCC2 towards higher-density fractions, veselkiKCC1 was still recovered
in low density fractions. The N&'-ATPase was exclusively present in the high-density
fractions. Monitoring of cholesterol content was performed using a steodé assay kit. Note
that the black triangle on top solely indicates the increase odsmidensity towards the bottom
of the centrifuge tube, without implying a linear rise. Blots shokernr@presentatives of four (A)
or two (B) experiments.

Fig. 2 Detergent-soluble and detergent-insoluble cotransporters display complex
glycosylation patterns in the mature brainstem. Gradient fractions from membranes of the
mature brain enriched in either Brij 58-soluble or Brij 58-insolubleCRGwvere pooled and
treated with the endoglycosidase EndoH (A) or the amidase PGN&je After separation in a
linear 4-12% Bis-Tris NUPAGE system, immunoblot analysis wa®mpeed for KCC2. In both
the detergent-soluble and the detergent-insoluble pools, the cotranspegers EndoH
insensitive, as no shift in molecular weight was observed compatbd tmtreated samples. In
contrast, PGNase treatment induced a shift towards lower maleeeights. Each blot shows an

example of two independent experiments with similar results.

Fig. 3 Disruption of membrane rafts differentially affects NKCC1 and KCC2 transport
activity. HEK-293 cells were incubated with f&D, with SMase, or a combination of both
agents and then assayed &b uptake. (A) KCC2 expressing cells showed a more than 3-fold
increased®Rb" uptake after cholesterol depletion b3®D (300.1 + 45.7%; p = 82410 and

a 6.7-fold increase after combined action of both agents (671.7 + 152.4%; p 086’2 MRCD



treatment increased KCC2 activity slightly (142.9 # 15.1%; p =@&0'%). 2 mM furosemide
blocked most of the increased flux. 100% flux corresponded to 14.4 + 2.4 nmuolgproteirT

x min™. (B) Native HEK-293 cells expressing NKCC1 showed a 1.7-fold redifeda uptake
after SMase treatment (58.3 + 9.6%; p =x118") and a 4-fold decrease after combined action of
both agents (38.6 + 17.1%:; p =x20°). MRCD had only a minor effect (144 + 19.1%, p =
1.1x10°). The flux in native cells under normal condition and after MRCDtrtreat was
completely blocked by 10 uM bumetanide. Flux data were correctethdoges in cell viability
The plot shows the mean + s.d> 6.

Fig. 4 Disruption of membrane rafts alters cluster size of KCC2 and NKCC1 at the plasma
membrane. EGFP-tagged KCC2- and NKCC1l-expressing HEK-293 cells (A-H aRd |
respectively) were treated with&D (B, F, J, N), SMase (C, G, K, O), or a combination of both
agents (D, H, L, P). After incubation, cells were processed foncahimaging. The distribution
of the tagged transporters is shown in cross-sections (A-Dahdl)at the basal surface of the
respective cells (E-H, M-P). Treatment witl3RID or SMase alone did not cause major changes
in the distribution of the transporters. After the combined treatrhemiever, the transporters
became located in large clusters at the plasma membrang, (fAsiBle as bright spots in the
membrane region in cross-sections (arrows in D and L). Bar 10 pm.

Fig. 5 Membrane raft association of KCC2 in the immature brainstem. Membranes were
prepared from 1.5 mg brainstem tissue of P0O-2 rats, solubilized inrff%8Bfor 30 min, and
subjected to flotation experiments through a discontinuous sucrose gradiette fractions
were collected, and their protein content was separated by 10% ABS-Pfmmunoblots were
probed for the abundance of KCC2, flotillin-1, and TfR. KCC2 was insolubl8rin 58,
codistributing with flotillin-1 in the low density fractions. Cholesiedepletion by MSCD
resulted in efficient extraction of KCC2 by Brij 58. The blots mgresentative examples of two
to three independent experiments.

Suppl. Figure 1 Cell viability and cholesterol depletion in HEK-293 cells. (A) Treatment of
HEK-293 cells with 10 mg/ml MACD for 30 min depleted 45% of the membrane cholesterol
content. The plot shows the mean * s.dx, 6. (B) HEK-293 cells were treated with 10 mg/ml
MPBCD to deplete cholesterol, with 100 mU/ml SMase to break down sphingopgrewith a
combination of both agents, and cell viability was determined by an &FBay. Viability was

~90% after treatment with either of the two agents and 74% after combined action.
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