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The Na, K-ATPase alpha3-isoform specifically localizesin the
Schmidt-Lanterman incisures of human nerve
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Abstract — Introduction To our knowledge, there is little reference inrhieire with regards to3-isoform of N&,K*-
ATPase in human peripheral nerves. The aim ofghidy was to determine the expression of the nelimdrisoform of
Na’,K*-ATPase in human sural nerves from patients wiffelananent medullary central nervous system injMigterials
and Method: We studied the immunolocalization aB-isoform of N&,K*-ATPase using a polyclonal antibody against the
amino sequence near the phosphorylation site efufiiisoforms of N4K*-ATPase using immunohistochemistry and
confocal laser scanning microscopy. An antibodyciefor a2-isoform of Nd,K*-ATPase was used to label the Schwann
cells. Results Morphometric analysis of longitudinal sectionhafman sural nerves showed that tf82isoform of N&,K*-
ATPase was distributed along the length of axolenitha myelin sheath of the Schwann cells showeallgi@ distribution

of a3- but nota2-isoforms of N4K*-ATPase at the level of Schmidt-Lanterman incisu@onclusion The human sural

nerve shows a specific localization of the'Ma-ATPasea3-isoform in the Schmidt-Lanterman incisures of 8ahn cells
in addition to its localization in axonal membranes

Key words: Na',K*-ATPase, Isoforms, Immunohistochemistry, Confocsétescanning microscopy, Central nervous system
injury, Peripheral nerve, Schmidt-Lanterman clefts

cells the N4 K*-ATPase is responsible for the re-
uptake of extracellular K Failure to control
extracellular K has been associated with
neuronal alterations (D’Ambrioso et al., 2002).
The Nd,K™-ATPase is the ubiquitous membrangour isoforms of the catalytic subunit of the
protein complex responsible for the activNa’' K*-ATPase have been identified, three of
transport of Na and K across the plasmawhich (@1, 02 and a3) are expressed in the
membrane (Skou, 1998). The WN&'-ATPase peripheral nervous system (Mata et al., 1994
also acts as a receptor complex capable rhwai et al., 1997; Gerbi et al., 1999). With the
transmitting  digitalis  signal  to  variousexception of the ubiquitousil-isoform, the
intracellular Compartments (Xie, 2001 ; Liu &expression of N+aK+_ATPase isoforms differs
Askari 2006). The physiological role of thefrom one cell type to the other (Dobretsov &
Na'K'-ATPase is particularly ~critical in Stimmers, 2005; Alberti et al., 2007; Arteaga et
excitable cells like neurons Wher? the enzymg. 2004). Remarkably, in the nervous system,
insures the maintenance of the "Ngradient, 3 isoform is abundantly (Pierre et al., 1999) and
required for the_ propagation of action pOtent'aI§eIectively expressed in neurons, whereds
and the K gradient that sets the cell membrangsform is the main isoform expressed in glial
potential (Levenson et al., 1994). Throughout thgg)s (Schwann cells). Also important to mention,
peripheral nervous system, axons and Schwannig ihat there are very few sites of expression of
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a3 isoform outside the nervous system. One @fositive control foral isoform of the N&K*-ATPase only)
these few exceptions is the cardiac tissdd skeletal muscle (positive control 2 isoform of the

. . ) Na',K*-ATPase). All antibodies identified only one
(Maixent and Berrebi, 1993; Zahler et al. 199 olypeptide at around 110 kDa in their respectioptiols.

Wang et al., 2001). Although such a specifi§o other immunoreactive was detected between 208 kD
pattern of expression suggests th@ isoform and to 20 kDa, the resolving limit of the gel syst@ata not

may serve specific functions in the nervoughown).

systerP, Ehe phy5|qlog|cal role (_)f the neuron«s”nmunolabe“ngJ and image analysis
a3-Na',K*-ATPase isoform remains unclear and Human nerves sections were washed for 1 h in a
the expression ofi2- and a3-Na' ,K*-ATPase Tris buffer solution containing 2% bovine serum uattin
isoforms has not been studied in human sur4th 0.01% Triton X-100 (TBSC). Then, samples were

. incubated overnight with primary antibodies at room
nerves. Accordingly, the present StUd¥emperature in wet chamber (anti-HERELR, anti-TED

investigated the pattern of expressiom@F and  3). The primary antibody was omitted in negativetcol
a3-Na' ,K'*-ATPase isoforms in human suralexperiments. After washing in TBSC (3 x 10 min), ke
nerves from patients with lesions of the centrafere incubated for 1 h in droplets of secondarybady
[1:100; FITC-Phalloidine (Jug/ml)]. Following washes in
nervous system. TBS (3 x 5 min), sections were mounted with Vectalshi
(10 u) and preserved at 4°C. Slides were then observed

MATERIALS AND METHODS with Bio-Rad MRC 1024 confocal laser scanning
microscope (Denk & al. 1990). A krypton-argon lasexrs
Tissue sampling and processing used to excite FITC at 488 nm and to collect emisaics30

Sural nerve surgical biopsies were obtained foPM- Confocal images (twenty-four-bit RGB, 525x525
diagnostic analysis from three patients with cdmeavous ~PiXels) were captured using a 60X oil immersionecbye.
system lesions (two patients with spinal cord ipjand one FOr illustrations, images (contrast and brightnesgye
with stroke) who underwent a selective tibial meomy for ~ adjusted with ImagePro plus and CorelDraw software.

a spastic equinus foot. Excised tissue samples fivesed in
ice-cold phosphate-buffered saline (PBS) and cta ih
mme. They were then fixed with 3% paraformaldehyde in RESULTS
0,1 M phosphate buffer (PB) (pH: 7.4) for 2 hoursl&t.
e s vere pacaa gadiaetions 1e 0510 we used confocal _immunofiuorescence
mM NaCl, 2.7 mM KCI pH: 7.4) and frozen in liquid Mmicroscopy to study then3 isoform of the
nitrogen. Longitudinal sections (2 um) were cut with aNa',K*-ATPase expression in human sural
ggy:tzt;‘ts'lieegt'zgie‘fl’lerz ’S“eoume? " p(;.s't"’e.'y'a’tl’dm'”' nerves. We used antibody specific toisoform

’ y 4 sequential sections futs.s of the Nd,K*-ATPase to identify its localization.
Ethics Morphometric analysis of longitudinal section of

This study has been conducted in agreement withuman nerve showed that the3-isoform of
e e o e i, e ke K ATPase was distibuted aong the englh
reseaprch. Our protoF():oI phas been approved by thii:£tha(l)f axolemma (Fig. 2). The myelin sheath of t_he
Committee (CCPPRB Poitou-Charentes ref. 05.11.21). SChwann cells was clearly labelled at Schmidt-
Informed consent was obtained, after explaining thkanterman incisures (Fig 2, arrows). The same
protocol to the patient. type of analysis was performed with antibody
specific for a2 isoform of the NjK*-ATPase
and revealed the highly compact labelling along
Primary antibodies the fiber corresponding to the myelin sheath of

Polyclonal anti-N§K"™-ATPase antibodies specific Schwann cells without any labelling of neither
for the various a-isoform subunits were used for the axonal membrane and axoplasmic profile nor

immunocytochemical localization in human nerve kiep. : L .
All polyclonal antibodies were provided by Dr. T.. A the Schmidt-Lanterman incisures (Fig 3).

Pressley (Texas Tech University, Lubbock, TexasAUS

(Pressley 1992). As shown in the Fig. 1, the NASEAti) DISCUSSION

polyclonal antibody targets amino acids 489-49%hefol

polypeptide in the nucleotide-binding domain frdme targe ) ) )
intracytoplasmic loop ; HERED recognizes amino scid Since then1-isoform of N& K*-ATPase is
487-496 of then2 polypeptide and TED recognizes aminoan ubiquitous protein for all neuronal cells, we
acids 484-494 of the3 polypetide. These three antibodiesfhgye examined the prof”e of protein expression

affinity purified from rabbit serum, were used atld00 i +_ ;
dilution as previously described (Gerbi et al, 199Bheir for a2 anda3-isoforms of N4K™-ATPase in the

specificity was confirmed by using western blotlgsia of Uman peripheral nervous system. A non
plasma membrane isolated from human heart (positiveniform profile of thea2- and a3-isoforms of
control foral,2,3 isoforms of the N&K*-ATPase) kidney Na' K*-ATPase was evidenced in this study.

I mmunohistochemistry
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Na K ATPase

® 4/4 identical
@ 3/4 identical
O 2/4 identical

extracellular

N

® 3/3identical
® 2/3 identical
® none

ol KYQLSIHK*? NPNASEPKHL *°LVMKGAPERILDRCSSI
@2 KYQLSIHE*7 REDSPQS-HV ***LVMKGAPERILDRCSSI
03 KYQLSIHE“**TEDPNDNTYL*““LVMKGAPERILDRCATI

Isoform specific region of the three isoforms

Figure 1. Schematic structure of aminoacid sequences 6fKNeATPase subunit isoforms and specific amino acid,kKfa
ATPase subunit isoformsequences recognized by antibodies(adapted front®l&nMercer, 1998; Dobretsov & Stimers,
2005). These polyclonal antibodies were used ia $iidy for the evaluation of the distribution betNd,K*-ATPase
isoforms in human nerve by immunohistochemistryl @itibodies were provided by Dr. T. A. PressleexXds Tech
University, Lubbock, Texas, USA; (Pressley 19923. shown here, the NASE (antit) polyclonal antibody interacts with
amino acids 489-499 in the N-domain. The HERED {a8)i polyclonal antibody interacts with amino aci®&/496 in the
N-domain. The TED (ant3) polyclonal antibody interacts with amino aci@!494 in the N-domain.
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Figure 2. Confocal microscopy images of immunofluorescencetral human nerve. Myelinated axons are shown cut
longitudinally. a3-isoform of N&,K*-ATPase was distributed along the length of axolenfAxons). The myelin sheath of
the Schwann cells was clearly immunolabeled byT&i (a3-isoform) at Schmidt-Lanterman incisures (Arrowsdte the
absence of immunoreactivity in the myelin sheattraainding the axons. This analysis was done witipdies from 3
patients.

Figure 3. Confocal microscopy images of immunofluorescencsural human nerves. Myelinated axons are shown cut
longitudinally. The myelin sheath of the Schwantisceras clearly immunolabeled by antiHERE@2¢isoform). Theo2-
isoform of N&,K*-ATPase was distributed along the length of Schweeils. Note the absence of immunoreactivity in the
the axons. The Schmidt-Lanterman incisures of tblew&nn cells appear immunolabeled in a similar réxte that of
Schwann cell membranes.
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One of the most striking findings of the preserthe Schmidt-Lanterman incisures, presented
study was the expression of immunoreactivitgvidence for the presence and enrichment of
corresponding to them3-isoforms of NiK*- some proteins such as pl20 catenin (a
ATPase in the Schmidt-Lanterman. This issueytoplasmic partner) and E-Cadherin (an
was studied in sural human nerves from patienglhesion partner) in the adherens structure of
with central nervous system lesions. We cann&chmidt-Lanterman incisures (Tricaud et al
exclude that such conditions over time woul@005). The immunolabeling of these proteins
have modified (amplified) the pattern of N&"- were however restricted to the adherens junctions
ATPase expression. Even if we assume that constrat with that of connexin 29 that labelled
peripheral nerves should remain intact after tie entire Schmidt-Lanterman incisures. Our
central nervous system injury, one limitation obtudy suggests the presence af-isoform of
this study is that thex3-isoform localization Na',K'-ATPase not only in the adherens
probably does not reflect the normal isofornjunctions but in the rest of Schmidt-Lanterman
distribution from healthy individuals. incisures near to the axolemma. A colocalization
Nevertheless, our study demonstrates a typicgtudy of connexin 29 with3-isoform of N&,K*-
cell type-dependent asymetric distribution in th&TPase would be of interest in human nerve
peripheral nerve and confirms that the2- Schmidt-Lanterman incisures. As cadherin is a
isoform of N&,K'-ATPase is specific of calcium-dependent adhesion molecule, the
Schwann cell membrane whereas d3isoform presence ofu3-isoforms of N4K*-ATPase in
of Na',K'-ATPase specifically located at thethe adherens junction of Schmidt-Lanterman
axonal membrane (Dobretsov and Stimers 2005)cisures could be invoved in calcium
The Schwann cells present a uniqueomeostasis, a role already demonstrated in the
architecture with a myelin sheath arouné@xolemme of neurons (Tricaud et al 2005).
peripheral nerve axons. Furthermore, th®ther physiological role for the3-isoforms of
structure of myelin includes regions of highlyNa',K*-ATPase in the Schmidt-Lanterman
compacted membrane and cytoplasm aridcisures could be the transport of metabolic
noncompacted regions of myelin with thesubstances across the myelin sheath and the
Schmidt-Lanterman  incisures  (Cooper &metabolic maintenance and longitudinal growth
Kidman, 1984). They are tube-like cytoplasmiof the sheath (Ghabriel and Allt, 1980; Arroyo
structures that cross the compact myelin arahd Scherer, 2000, Alberti et al, 2007).
connect the Schwann cell peripheral (abaxonahhe location of N§K*-ATPase in the Schmidt-
cytoplasm to the periaxonal (adaxonallanterman incisures is of importance but JKa-
cytoplasm. The results of the present stud§TPase should be active as an enzyme. This has
indicate thato3-isoform of N&,K*-ATPase was been previously observed by numerous authors in
localized and distributed on the axonakeveral species but not in human (Ghabriel and
membrane, confirming the significance of thigllt, 1980; Baumann and Pham-Dinh, 2001,
enzyme for the transmission of electrical signaléanoh and Kumoi, 1994; Kanoh and Sakagami,
(Alberti et al, 2007). However, the intramyelinic1996). All these studies used the immunoenzyme
localization corresponding ton2- and a3- activity (K'-pase activity) assay to demontrate
isoforms of N&K'-ATPase is specifically the location of the NeK'-ATPase enzyme
related to the compacted structural compositioactivity. For  histochemical —analysis, the
of myelin and non compacted structuralocalization of ouabain-sensitive, “#lependent
composition of Schmidt-Lanterman incisure-nitrophenylphosphatase  {igase) activity
respectively. The latter suggests an enrichment ifpresents the second dephosphorylative property
a3-isoforms of NAK*-ATPase in the Schmidt- of the Nd,K™-ATPase. Facial nerves in normal
Lantermann incisures without excluding th@uinea pigs show a fine-granular reaction product
presence ofa2-isoforms of N3K'-ATPase in ©Of the K-pase activity. Furthermore, after
the Schmidt-Lanterman incisures. reserpinization of guinea pig facial nerves, a
The distributions of these2- and q3- Process that inhibits cerebral palsy, thé- K
isoforms of N&,K"-ATPase in myelinated nerve NPPase activity was absent along the internodal
highlight the elaborated molecular specializatior@0/émma and the Schmidt-Lanterman incisures.
of these membranes (Dobretsov et al., 2003)NiS iS an evidence that NK'-ATPase activity
Recently a study aiming at understanding thf the Schmidt-Lanterman incisures could be
role of proteins in the adherens junctions, Fodulated and associated to physiopathological
juxtamembrane domain abundantly distributed iRtates (Kanoh & Sakagami, 1996).
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Regeneration after axotomy of peripheraperipheral nervous systerd. Neuroscience&2004, 1293):
nerves has been recently found to influencg?’-702:

. . + . Baumann N., Pham-Dinh D., Biology of
transiently the expression of the Ne-ATPase oligodendrocyte and myelin in the mammalian central

subunit isoforms (Arteaga et al., 2004). B¥ervous systenPhysiological review2001,81, 2.
analyzing all the known isoforms of the @'~ 5. Blanco G, Mercer RW.Jsozymes of the Na-K-ATPase:

ATPase protein Complex (Wh|Ch is Composed d’feterpgeneity in structure, diversity 'in functioAm. J.
a, B andy-subunits), these studies suggested thafYsio-1998. Nov275: F 633-50. Review.
this adaptation phenomena concerns virtually &l Cooper N.A., Kidman AD., Quantitation of the

ey : Schmidt-lanterman incisures in juvenile, adult retfmated
Na',K"-ATPase isoforms (Arteaga etal, 2004)' and regenerated fibres of the chicken sciatic nefata.

Thg _functi_onal differences obs_ervc_ed within theeuropathol. (Berl) 19844(3): 251-8.
individual isoform in terms of kinetic difference7. D'’Ambrosio R., Gordon D.S., Winn H.R., Differential
for K" and Na could result in ionic homeostasisrole of KIR channel and Na(+)/K(+)-pump in the regidn

e g S extracellular K(+) in rat hippocampud. Neurophysiol
specific to Schmidt-Lanterman incisures. Indee%oz,gr 87-102.

Na+-K+'_ATPase exhibitingn3 isoforms have an g penk w., Strickler J.H., Webb W.W., Two-photon lase
approximately 3-fold lower s for extracellular scanning fluorescence microscogBcience1990,248 73—
K* and an approximately 2-fold higher, Kfor  76.

. S 9. Dobretsov M., Hastings S.L., Sims T.J., Stimers.,J.R
cytoplasmic N& than pumps exhibiting2 and Romanovsky D., Stretch receptor-associated expressio

al isoforms_ (Munzer ?t al., 1994)_- alpha 3 isoform of the Na+, K+-ATPase in rat peeigth
In conclusion, N3K*-ATPase isoforms are nervous systenNeuroscienc€003,116 1069—1080.

found in adult human nerve with specificlo. Dobretsov M., Stimers J.R., Neuronal function and

localization. a3-isoform of N K*-ATPase are g?;l;%ésoform of the Na/K-ATPaderont Biosci.2005,10:

expre;sed _in Schwar_m Fe”S_ and axon Membrafe Gerbi A., Sennoune S., Pierre S., Sampol J., Rabcah
but differ in their distribution.a3-isoform of Vague Ph., Maixent J.M., Localization of Na/K-ATRagp
Na' K*-ATPase is localized in the Schwann celisoforms in rat sciatic nerves: effect of diabedes fish oil

. P eatmentJ. Neurocheml999,73: 719-726.
at the Schmidt-Lanterman incisure membran% .Ghabriel M.N., Allt G., Schmidt-lanterman incisurds

OU{ r$SU|t3 prOVide evidence that closely reflat antitative teased fibre study of remyelinatingiggeeral
Na',K'-ATPase isoforms can be localizectherve fibresActa. Neuropathol. (Berl)980,52(2) : 85-95.
differentially in the same cell and highly13.Jamme I, Petit E., Divoux D., Gerbi A., MaixentJ,

concentrated in the axonal membrane ad\éouvelot A., Modulation of mouse cerebral Na,K-AFRa
activity by oxygen free radical®leuroreport1995,1: 333-
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