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Abstract. The microenvironment near the apical mem- Introduction

brane of MDCK cells was studied by quantitation of the

fluorescence of wheat germ agglutin attached to fluoresThe extracellular surface of the apical membrane of most
cein (WGA). WGA was shown to bind to sialic acid epithelial cells has a 70-100 nm thick glycocalyx result-
residues attached to galactose atdh2,3 position in the  ing from the heavy glycosylation of membrane proteins
glycocalyx on the apical membrane. Young MDCK (Rosenberg, 1995). The structure of the sugar chains on
cells (5-8 days after splitting) showed a patchy distribu-the cell membrane influences a wide variety of interac-
tion of WGA at stable sites that returned to the sametions including: cell-cell recognition (Varki, 1997); the
locations after removal of sialic acid residues by neur-binding and internalization of pathogenic bacteria
aminidase treatment. Other lectins also showed stabl@/arki, 1997), viruses (Niles & Cohen, 1991; Zimmer et
binding to patches on the apical membrane of youngal., 1995; Keppler et al., 1998) and toxins (Varki, 1997);
cells. The ratio of WGA fluorescence emission at twoas well as the adhesion of calcium oxalate crystals to
excitation wavelengths was used to measure nearenal epithelial cells (Lieske et al., 1996; Lieske & De-
membrane pH. The near-membrane pH was markedlganello, 1999). The glycocalyx could alter the local mi-
acidic to the pH 7.4 bathing solution in both young andcroenvironment at the apical surface because of the pres-
older cells (13-21 days after splitting). Patches on theence of a large number of negatively charged sugar moi-
apical membrane of young cells exhibited a range ofeties (Varki, 1997). It has been reported for several
near-membrane pH values with a measem of 6.86 + decades that the apical surface of some intestinal epithe-
0.04 (1 = 121) while the near-membrane pH of older li2 is markedly acidic to the lumenal solution (Lucas,
cells was 6.61 + 0.04n( = 120) with a uniform WGA  1983; McNeil et al., 1987; Shimada, 1987), and that this
distribution. We conclude that the distribution of lectin acid region alters the transport of ionizable solutes (Hol-
binding sites in young cells reflects the underlying non-tug €t al., 1992). It is unclear whether fixed negative
random location of membrane proteins in the apicalcharges in the glycocalyx of the apical cell membrane
membrane and that nonuniformities in the pH of patche<ontribute to the low pH microclimate or whether the
may indicate regional differences in membrane acid-basB'€¢Sence of fixed negative charges on the sugars influ-

transport as well as in the location of charged sugars iff"C€S the kinetics_or voltage sensitivity of membrane ion
the glycocalyx. channels (Thornhill et al., 1996; Bennett et al., 1997).

In a previous study from our laboratory of the lateral

intercellular spaces of MDCK cell epithelium, it was
Key words: pH — Sialic acid — Neuraminidase — reported that these spaces were acidic to the bathing
Lectin — Microenvironment solutions by about 0.4 pH units and that the pH differ-

ence was unaffected by a variety of inhibitors of acid

extrusion (Chatton & Spring, 1994). Subsequently, it was

demonstrated that the lower pH in these spaces was a
* Present addressiohns Hopkins University, Dept. of Medicine, Di- consequence of buffering by the fl).(ed negative charges
vision of Gastroenterology of the glycocalyx (Dzekunov & Spring, 1998).

In the present investigation, we utilized a fluores-

Correspondence tK.R. Spring cein-labeled lectin, wheat germ agglutinin (WGA), as a
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near-membrane pH meter to measure the pH close to theerfusion. Since lectins bind to specific sugar residues of the glyco-
apical membrane of MDCK cells of different ages. calyx, the fluorescent markers remain for several hours on the apical
Young MDCK cells (5-8 days after seeding) exhibited Su"face of the monolayers.

stable, discrete sites that bound WGA and other fluores-

cently labeled lectins while older cells (13-21 days afterFLUORESCENCEMICROSCOPY FOR

seeding) showed more uniform binding. The average pH-ECTIN COLOCALIZATION

measured by the fluorescent WGA was acidic to the

. . . Typically two lectins marked with fluorescein and rhodamine dyes
bathmg solution in both young and old cells. Near- respectively, were applied to the apical surface of MDCK cells. The

membrf_’me pH of the WGA-binding sites on young Ce_llslectin binding sites were observed by confocal laser scan microscopy
was quite heterogeneous, and the pH of individual site$model 410, Carl Zeiss, Thormwood, NY). The confocal images of
was influenced differently by the substitution of lithium each lectin were collected in separate channels and were displayed in
for sodium. Enzymatic removal of the sialic acid moi- false color as green for fluorescein and red for rhodamine.

eties from the glycosylation groups of young cells re-

vealed that new, fully glycosylated proteins were subseFLUoRESCENCEMICROSCOPY FORPH MEASUREMENTS
quently inserted at the same locations of the cell mem- _ _ _ o
brane. WGA binding sites on young cells did not ChangeWGA conjugated with fluorescein was employed as a pH indicator

. . . probe. The experiments were performed on the stage of an inverted
location or diffuse measurably over a period of hours. microscope (Diaphot, Nikon, Melville, NY) modified for simultaneous

transmitted light differential interference contrast and low-light-level
fluorescence. Epifluorescence illumination for excitation ratio imaging
was achieved at 458 and 488 nm using a 100x/1.3 N.A. objective lens
(Nikon). The microscope output port was connected to a 1K x 1K
CeLL CULTURE progressive-scan, intensified CCD camera (Model ICCD-1001, Video
Scope, Sterling, VA). The images were obtained at a maximum rate of
Low-resistance MDCK cells (passages 60—74 from the American Typel5/sec, digitized at 8 bits, and stored on computer for later offline
Culture Collection, Rockville, MD) were maintained using Dulbecco’s analysis. The sequence of events (e.g., solution valves, intensifier gain,
modified Eagle medium (DMEM) plus 10% fetal bovine serum (Gibco, laser power, illumination shutters, image storage) during the experi-
Grand Island, NY) and 2 m glutamine, but without riboflavin, anti-  ment was controlled by computer using a custom-made program.
biotics, or phenol red. For experimental purposes the cells were grown
to confluence on glass coverslips and were used after 5-23 days. pH Calibration

Materials and Methods

The pH calibration curve was generated by measurement of the ratio of
fluorescence emission intensities with two excitation wavelengths (458
HEPES-buffered perfusion medium contained (L4 HEPES, 142 and 488 nm) of WGA dissolved in buffered solutions with known pHs.
Na’, 5.3 K", 1.8 C&*, 0.8 Mg?*, 136.9 CT, 5.6 glucose. The pH 7of the A5 wl drop of solution was placed on a microscope slide and a glass
HEPES solutions was adjust’ed 10 7.4 or 10 6.4 at 37°C. The HEPESOVerslip was sealed to the slide. For each of the 5 different pH cali-
solutions were gassed with room air. The bicarbonate buffered solutiof"ation standards from 5.5 to 8.0, a ratio pair of images was taken and
contained (in mi): 24 HCG;, 142 N4, 5.3 K*, 1.8 C&, 0.8 M¢®* the fluorescence intensity ratio was determined.

126.9 CT, 5.6 glucose and was gassed with 5% £86% air at 37°C

EXPERIMENTAL SOLUTIONS AND PERFUSIONSYSTEM

to maintain pH 7.4. In experiments with low sodium, 128 mMa" in IMAGE ANALYSIS
HEPES-buffered medium was replaced by 128 hi*. The osmolar-
ity of all solutions was 292—-300 mOsm/kg. The fluorescent images were analyzed for pH by choosing several

For the pH measurements the apical surface of monolayers wagegions from each pair of images and calculating the intensity ratio for
perfused with experimental solution at 37°C in a chamber mounted oreach region for comparison with the pH calibration curve (Metamorph,
the stage of microscope as previously described (Harris et al., 1994)Jniversal Imaging, West Chester, PA) . The regions selected in young
The perfusion solution was switched rapidly by computer-controlledcells corresponded to individual patches on the apical cell membrane
pinch valves. whereas in older cells, the selected regions were rectangles covering a

substantial portion of the apical surface of a single cell.

CHEMICALS

STATISTICS
Wheat germ agglutinin fluorescein isothiocyanate (WGA) or tetrameth-

ylrhodamine conjugates were obtained from Molecular Probes (Eu-Data are presented as measew. Significance was determined using
gene, OR). All other fluorescein-labeled lectins were purchased fronthe pairedt-test or Student test, andP value less than 0.05 was
Vector Laboratories (Burlingame, CA). N-acetylneuraminic acid (type considered statistically significant.

VI from E. coli) and Neuraminidase (type V fro@lostridium perfrin-

geng were from Sigma (St. Louis, MO).
Results

LABELING APICAL CELL SURFACE WITH
FLUORESCENTLECTINS

Fluorescent lectins were applied to the apical surface of MDCK cellsWGA binds specifically to N-acetylneuraminic (sialic)
for 30 min at 37°C. Any unattached dye was then washed out byacids and N-acetyl-glucosamine residues in the glycoca-

WHEAT GERM AGGLUTININ BINDING
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5-8 DAYS

Fig. 1. Wheat germ agglutinin (fluorescein label)
binding to the apical membrane of young MDCK
cells, 5-8 days after splitting (top), and older
cells, 13-21 days after splitting (bottom). The
apical membrane smooth surface area of the
young cells is about 4.3 times that of the older
cells. Scale bar= 10 pm for both panels.

lyx (Rosenberg, 1995; Varki, 1997). The distribution of appearance. Some cells in both cultures failed to bind
WGA (12 ng/ml) on the apical side of MDCK epithelial WGA at all.

monolayers differed as a function of cell type and time Because WGA is a multivalent protein, its binding
after seeding. Young cells (5-10 days after seedingjo monovalent sugar residues could, in principle, lead to
spread out markedly to achieve confluence and bounglycoprotein and glycolipid aggregation. To check
WGA in irregularly distributed patches on the apical sur-whether WGA binding itself causes the formation of
face as well as in a discontinuous ring at the level of thepatches on the apical surface of young MDCK monolay-
tight junctions (Fig. 1, top). Older cells (15-23 days af- ers, we perfused cells with a low lectin concentration
ter seeding) were taller, showing a greatly reduced apic&l0.6 j.g/ml) on the stage of our fluorescence microscope
area and more uniform binding of WGA with little or no and observed the time course of WGA binding to the
discernable staining of the tight junctions (Fig. 1, bot- glycocalyx. After around 5 min of perfusion clearly de-
tom). Individual patches could not be readily delineatedtectable fluorescent patches appeared on the cell surface
in the older cells although the staining had a granularand additional perfusion with fluorescent lectin did not
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significantly increase size of patches. On older cells, in-and in many places they were located very close to each
cubation with WGA showed a more uniform fluores- other and appeared to be colocalized (yellow spots, Fig.
cence intensity with a granular appearance but no clump2). WGA binding sites formed perijunctional rings,
of dye on the surface of monolayers. We concluded thatvhereas no fluorescence from PNA was detected in the
the presence of lectin does not cause the patch formatioregion of the tight junctions. Labeling of older mono-
on the cell surface, and only reflects the preexistinglayers (Fig. 2, right panel) with these lectins showed, as
grouping of glycosylated proteins and lipids. has been reported in detail previously (Kersting et al.,
1993) that some cells in the monolayer preferentially

bound WGA while others only labeled with PNA.
BINDING OF OTHER LECTINS

To find out which type of the sugar residue predomi- NEURAMINIDASE
nantly binds WGA on the apical glycocalyx of MDCK

cells, we applied other lectins that detect only N'ace'Additional evidence that sialic acid residues are the ma-

tylneuraminic acid or N-acetyl-glucosamine. Thus incu-.__ . )
gation of young MDCK cell)s/ f?om 20 to 40 min with %' ligands for WGA on the apical surface of MDCK

succinylated WGA (15:gim), an agglutinin that does 25 SR L0 SRR I e een the
not bind to sialic acid residues, but retains its specificity y gy 9

toward N-acetyl-glucosamine, did not show any de.terminal neuraminic acids and the subterminal sugars.

tectable fluorescence in young cells. In older cells, afeWPerfusmn of WGA labeled MDCK cells with a buffer

(3-5) very faintly stained cells were detectable in eachsqlupon containing 2 mg/ml neuraminidase for 5-10 min
culture. Application ofSambucus Nigréectin (SNA), a eliminated thg fluorescence completely. Treatment of
lectin that links preferentially to sialic acid attached to anlD Cf:(fr i%l—sl\émriiﬁ I?g:’jigggsg]gfffggrgggﬂi’ ?ntSerTs?t/
terminal galactose in the-2,6 position and far lessto the |’ 0 . S O y
a-2,3 position (Varki, 1997), at a concentration of 20 by about 50% (F'g'. 3) with little or no significant sub-
wg/ml for up to 50 min also did not demonstrate anysequent changes in the fluorescence pattern over the
binding sites on young epithelia. We concluded thatr?ext 20_3.0 min. After washout of the enzyme solu-
WGA binds mostly toa-2,3 linked sialilated glycocon- tion, the binding of WGA to the enzymatically treated

jugates on the apical surface of MDCK cells. monolayer was evaluated by periodically perfusing a

Since the i srea of e apical cll ufce epttC'CTIANING Soulon 5 and messuang e
resent regions either devoid of sialic acid residues or Y- Y9

inaccessible to WGA, we examined the binding of otherglrl]yt;]necf"?igfjsﬁfgggn;St'?ﬁozgt'giﬁtbtgfirsea;nniIomcit't(rjg;t_
fluorescently labeled lectins with different sugar speci- P y

ficity: Concanavalin A12 wg/ml), a lectin that recog- ment until initial intensity levels were achieved after ap-

: . roximately 3 hr (3 monolayers). This result is consis-
nizes mannose and glucosggybeanmagglutinin (SBA, P : .
15 pg/ml), specific for galactose and N-acetyl-galacto s.tentwith the conclusion that new, fully glycosylated pro-

L : : teins were inserted into the apical membrane in identical
amine; Arachis hypogaedectin (PNA, 12pg/ml), spe- . .
cific for terminal galactose only (Varki, 1997). The Lg?:t,lﬁgseaoztr;?es‘ir;g?;]gﬁ? previously bound WGA be-
young cells showed a distinct patchy distribution of bind- y '
ing of all three of these lectins that differed from that for
WGA, indicating the presence of all of the relevant sugar, - EvBRANE DH
residues in the MDCK cell glycocalyx. P

Simultaneous staining (Fig. 2, left panel) of young
MDCK epithelia with WGA-rhodamine (red) and PNA- Labeling cells with WGA-fluorescein permitted mea-
fluorescein (green) showed the presence of both on 90%urement of the pH of sialoglycoproteins and glycolipids
of cells. The localization of WGA and PNA was deter- on the apical surface. A fluorescein-lectin conjugate has
mined by confocal microscopy to ensure that the lectindeen previously employed as a near-membrane pH indi-
were on the apical surface of monolayers and were notator on the basolateral membrane of multiple cells in the
internalized. From the image analysis of optical sectiongjuinea pig intestine (Kirschberger et al., 1999). The
of fluorescently labeled cells we conclude that bothnegatively charged and possibly viscous environment of
lectins were not quickly internalized, did not pass thethe apical glycocalyx created by sialic acids (Rosenberg,
tight junctions and, indeed, are confined to the apicall995; Varki, 1997), can, in principle, change the spectral
glycocalyx of MDCK cells (Fig. 2, x-z sections). How- characteristics of the dye and introduce a systematic
ever, the distribution of each lectin on the apical side oferror in the pH estimate. To determine whether WGA-
monolayers differed substantially. Binding sites of bothfluorescein was suitable for the measurement of glyco-
lectins were plentiful on the apical surface of young cellscalyx pH, we measured the ratio of fluorescence emis-
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Fig. 2. Confocal microscope optical sections showing binding of wheat germ agglutinin (rhodamine label) in red and that of peanut lectin
(fluorescein label) in green to the apical surface of young cells (5-8 days after splitting) and older cells (13-21 days after splitting). An x-z scan
is shown below the respective images. Scale bat0 um for all images.

sion during excitation at 488 or 458 nm in HEPES- surface, glycocalyx pH was measured from large regions
buffered solution at 5 different pHs from 8.0 to 5.5 in the of the apical surface of individual cells. The pH of gly-
presence and absence of neuraminic acid (Fig. 4). Theocalyx of older cells averaged 6.61 + 0.0 £ 120
similarities of the two curves indicated that neuraminiccells) when the bathing solution pH was 7.4, signifi-
acid in concentration up to 8.5mdid not change the pH cantly more acidic than in young cells (Fig. 6, solid bar,
sensitivity of fluorescein. control). When the perfusate pH was reduced to 6.4, the
In experiments on young cells with patchy distribu- glycocalyx pH of older cells fell to 6.28 + 0.031(= 71
tion of WGA-binding sites, pH values reported by WGA- cells), significantly more acidic than the perfusate.
fluorescein were remarkably different from patch to Because the pH values reported by the WGA-
patch. As shown in Fig. 5, a typical cell exhibited fluorescein in young cells were so low and differed so
patches in which the pH varied from 6.40, acidic to themuch from patch to patch, we were concerned about their
bathing solution, to quite alkaline values, 7.82. Averagevalidity. We reasoned that partial removal of sialic acid
glycocalyx pH of young (5-8 days) MDCK cells was residues by a low dose of neuraminidase should increase
6.86 + 0.04 6 = 121 cells), significantly acidic to the the pH of the patches toward that of the perfusate. In-
pH 7.4 HEPES perfusion solution (Fig. 6, solid bar, con-deed, treatment of the young cells with neuraminidase
trol). The crosshatched bar in Fig. 6 shows that lowering(0.5 mg/ml for 15 min) significantly reduced the pres-
perfusate pH to 6.4 gave a slightly alkaline glycocalyxence of WGA on apical surface, as shown previously
pH 6.55 + 0.04 f = 78 cells). On older cells (13-21 (Fig. 2), and increased near-membrane pH to 7.27 + 0.06
days), with more uniform lectin distribution on apical in the pH 7.4 solution (Fig. 6, enzyme). Although only
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Fig. 4. Calibration of WGA-fluorescein in HEPES buffer without
(open circles) or with sialic acid (filled circles). Ratio of fluorescence
emission intensities for excitation at 488 or 458 nm is shown as a
function of solution pH. In sialic acid containing solutions, the pH was
adjusted by changing the concentration of sialic acid. In control HEPES
buffer, pH was altered by the addition of HCI.

bility of the pH in older cells was consistent with previ-
ous observations showing increased glycocalyx buffer
capacity as cells become more developed (Dzekunov &
Spring, 1998).

SoDpIuUM SUBSTITUTION

To ascertain whether a relationship exists between acid
extrusion systems and near-membrane pH, we replaced
most of the perfusate Na (128uhby Li to inhibit Na/H
Fig. 3. Young MDCK cell stained with WGA-fluorescein before and exchangers, Na-dependent cotransporters and Na chan-
immediately after treatment with a low dose of neuraminid8setext gfeIsonrr%'ilr;)?*ip;?g\:\lli56\7;'28%6‘?23(;22];2? t% t;[]%a?eﬁgg:
for details. Scale bar 10 pm. -
. ment of Na by Li (Fig. 7, top). Although the average pH
- Sy changed significantly from 6.60 = 0.09 (9 monolayers) to
about half of the sialic acid sites were removed by th66.83i 0_079(9 monoylayers) one groups of patchgs a():idi—
enzyme, the result supported our conclusion that an¥iey compared to control values (Fig. 7, top). Switching
error in our pH measurement COUId_nOt have been largef,q perfusion medium back to Na demonstrated a some-
than 0.13 pH units as this was the difference between th hat heterogeneous result, as well, with the mean value
pH 7.4 buffer and the near-membrane value. When th@y,»nqing significantly from 6.71 + 0.1 (5 monolayers) to
perfusate pH was 6.4, the near-membrane pH was 6.87 ¢ 44 + 0.1 (5 monolayers). On older cells (20-23 days),
0.03, alkaline to the perfusate. This result showed that #he removal of Na and replacement by Li resulted in
systematic underestimate of near-membrane pH was Nof,itorm alkalinization of near-membrane pH from 6.33 +

the basis for the acid values recorded under control cony oa (8 monolayers) to 6.56 + 0.04 (8 monolayers), an

ditions. : ;
effect that was fully reversible (Fig. 7, bottom).
Older cells did not exhibit a change in near- was fully reversible (Fig )

membrane pH (Fig. 6) after enzymatic digestion of sialic

acid residues although WGA fluorescence was substarNEAR-MEMBRANE pH IS SIMILAR IN

tially diminished. This result led us to conclude either BICARBONATE BUFFER

that sufficient sialic acid residues remained after enzyme

treatment to stabilize near-membrane pH or that otheBecause bicarbonate transporters are an important regu-
charged sugars provided the requisite buffering. The stdator of pH in many epithelial cells, the use of the HEPES

NEURAMINIDASE
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Fig. 5. A representative example of near-membrane pH measured by WGA-fluorescein fluorescence of young cells from the ratio of emission
intensities at the two excitation wavelengths (488 nm and 458 nm). Numerical pH values calculated for individual patches are shown adjacent to
each patch. Scale bar 10 pm.

perfusion buffer instead of bicarbonate could producethelial cells to gain additional understanding of the na-
artifactual changes of near-membrane pH. To test thisure of the microclimate on the cell surface. We found
possibility we perfused 6 day-old MDCK monolayers that the apical surface pH was substantially below that of
with bicarbonate buffer (pH 7.4) and measured the nearthe bulk medium as a result both of buffering by the
membrane pH. As shown in Fig. 8, the distribution of glycocalyx and of sodium-dependent acid-base transport.
pH values in bicarbonate buffer did not differ signifi- In addition, the surface pH of young cells was remark-
cantly from that in HEPES. The mean values of pH wereably heterogeneous, presumably reflecting a nonuniform
6.76 + 0.05 (i = 305 cells in 6 monolayers) in HEPES underlying distribution of proteins and acid extrusion
buffer and 6.63 + 0.05n = 314 cells in 2 monolayers) sites. Our results also gave us insights into the nature

in bicarbonate buffer. and distribution of the charged sugar groups that consti-
tute the apical glycocalyx.
Discussion It has previously been shown by a number of inves-

tigators using pH-sensitive microelectrodes that the mu-
The goal of this study was the use of near-membrane plosal surface pH of intestinal epithelia was acidic to the
measurements of the apical glycocalyx of MDCK epi- pH of the luminal solution, resulting in a so-called ‘acid
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8.00 measurements (Kirschberger et al., 1999). From the va-
Age 5-8 Days Age 13-21 Days riety of available lectins we chose WGA, because: (i)
its binding to the apical surface of MDCK epithelia
was already known (Kersting et al., 1993); (ii) it recog-
nizes terminal N-acetylneuraminic acids, which are
known to make a major contribution to the net negative
7.00 ¢ , charge of glycocalyx (Varki, 1997). Another potential
WGA ligand is N-acetyl-glucosamine. However, experi-
ments with succinylated WGA, specific for N-acetyl-
6.50 glucosamine, showed that the WGA binding site on
the apical surface of MDCK cells was sialic (N-acetyl-
neuraminic) acid. The lack of fluorescence from mono-
7.4 6.4 74 6.4 ) 74 6.4 7.4 6.4 Iayer_s stained with the_ Iectir_1 SNA indicates, that all
terminal neuraminic acid residues must have @23

Perfusate pH connection to the next galactose, possibly as an apical
_ _ membrane sorting signal as suggested for human colon
Fig. 6. Near-membrane pH measured with HEPES perfusates at SeVaarcinoma (HT-29) cells (Huet et al., 1998).

eral representative sites on the apical surface of young cells staineg . .
with WgA-quorescein in young ceIFI)s (left side) and };Idergcells (right) The hetemgene'ty of pH values seen in the patches
as a function of perfusate pH and treatment with neuraminidase (enON the surface of young MDCK cells was consistent with
zyme). Statistical significance indicated by=* <0.05, *** = <0.001,  the conclusion that the acid extrusion sites on the mem-
ns = not significant. brane are not uniformly distributed. Not all WGA-
positive sites were acidic and not all of the acidic sites
microclimate’ (Lucas, 1983; Rechkemmer et al., 1986;Wer.e sensitive to 'the' Fed“C“O” in perfusate Ng concen-
tration. Such variability was not detectable in older

Shimada, 1987; McNeil et al., 1987; Holtug et al., 1992). . )
In contrast, Genz, von Engelhardt & Busche (1999) re_cells, presumably because of the higher density of WGA-

cently reported an alkaline surface pH in guinea-pig co-Positive sites on the apical membrane. The surface pH of
lon Using 5-(N-hexadecanoyl) aminofluorescein (de_older cells was not sensitive to the removal of sialic acid

noted H-110 by Molecular Probes, Eugene, OR) as égsidues b)_/ neuraminidas_e_. _The two probable explana-
near-membrane pH indicator. H-110 inserts its acyl taillons for this lack of sensitivity to the enzyme are that
directly into the plasma membrane with the result thatother charged groups in the glycocalyx provided buffer-
the pH is determined very close to the membrane. Theynd; Or that the enzyme could not get access to all of the
attributed the low pH values in the previous microelec-Sialic acid residues. We prewousl_y reported_ that older
trode experiments to artifacts associated with the diffi-MDCK cells have a higher buffering capacity due to
culties of positioning the electrodes near the cell memgreater development of the glycocalyx (Dzekunov &
brane surface. In previous experiments with H-110 onSPring, 1998).
MDCK cells (Timbs & Spring, 1996), we reported that Application of several other fluorescent lectins to
the dye readily labeled the basolateral membrane othe apical side of MDCK epithelia showed the presence
MDCK cells and that the fluorescence emission specof mannose, glucose, galactose and N-acetyl-galactos-
trum shifted substantially to the red when the dye was inemine in the glycocalyx. It was remarkable how the lec-
the membrane. We also observed that antifluoresceitin binding pattern varied with cell age. In young cells,
antibody only partially reduced H-110 fluorescence, con-all lectins that bound exhibited a patchy distribution on
sistent with the conclusion that some of the fluoresceincell surface (Fig. 1, top), consistent with the clustering of
head groups were facing into the cytoplasm as well aglycoproteins and glycolipids. Simultaneous labeling of
toward the external solution (M.M. Timbs and K.R. young cells with WGA-rhodamine and PNA-fluorescein
Spring, unpublished observatiopsSince the intensity (Fig. 2) showed topological differences in carbohydrate
of fluorescein fluorescence decreases as pH falls, a sulnlistribution: neuraminic acid residues (WGA-positive)
stantial alkaline error is introduced into the estimates ofwere highly expressed in tight junction regions and on
near-membrane pH by even a small fraction of the dyehe apical surface, whereas terminal galactoses (PNA-
facing the more alkaline cell interior. For this reason, wepositive) were only observed on the apical surface.
deemed H-110 unreliable as a probe of near-membrane These observations support the argument that bind-
pH in MDCK cells and question the validity of the mea- ing of these multivalent lectins did not cause the forma-
surements by Genz et al. (1999). tion of patches but merely reflects the natural sugar dis-
Lectins, sugar-binding proteins widely used for car-tribution in glycocalyx of MDCK cells. Regional and
bohydrate recognition, conjugated with a pH-sensitivespotlike distribution of carbohydrates was described
fluorescent dye are a useful tool for near-membrane pHn the glycocalyx of intact, nonfixed outer hair-cells

750 + Control Enzyme Control Enzyme

Hok

Near-membrane pH

6.00
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5
‘r‘g I Fig. 7. Near-membrane pH measured with
2 /// WGA-fluorescein in young cells (top panels) and
6.50 = - —T% 6.50 older cells (bottom panels) when 1284nof the
=z i perfusate sodium was replaced by lithium (left
2~ panels) or when the perfusate was returned to
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(OHCs) from the guinea-pig cochlea (Plinkert et al., while that in an older cell is usually about sn?. Each
1992). By means of lectin binding N-acetylglucos- cell in an older monolayer predominantly binds only one
amine was shown in the entire OHC membrane, whereatype of lectin (e.g., WGA or PNA), a result that has been
mannose and glucose were mainly observed at the cuised to discriminate between the principal or intercalated
ticular plate and at the basal cell pole. These authorsell populations (Kersting et al., 1993). Many young
suggested that the spot-like arrangement of N-aaetyl- MDCK cells showed distinct labeling with both lectins
galactosamine near the cuticular plate may be associateas well as indications that other lectins occupy sites dif-
with proteins of thezonula adherens. ferent from those recognized by WGA or PNA.

On older MDCK cells, WGA and PNA staining The discrete, punctate distribution of WGA-
looked more uniform without discernable differences be-fluorescein on the apical surface of young MDCK cells
tween tight junctions and the apical surface, as previpresumably reflects the clustering of proteins that have
ously described (Kersting et al., 1993). The apical mem-glycosylation chains terminating with a sialic acid resi-
brane of older cells is highly infolded compared to that ofdue. Thus, the lectin pattern should be indicative of the
young cells and any carbohydrate clusters may be moranderlying protein distribution pattern. The lack of mo-
difficult to detect due to the density of glycosylation and bility of the lectin binding sites as well as their temporal
limits of the spatial resolution of the light microscope. and spatial stability is consistent with many recent ob-
The apparent smooth surface area from light microscopiservations about the organization of cell membranes into
images of a young MDCK cell is as high as 4p@n®>  ‘corrals’ (Wier & Edidin, 1988; Edidin, Kuo & Sheetz,
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