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Summary. MDCK cells, when examined by low-light level video 
microscopy displayed an endogenous fluorescence with two dif- 
fering patterns. A low intensity emission which was punctate and 
associated with cell organelles was observed with emission and 
excitation conditions generally used to observe either fluorescein 
(450-500 nm excitation/>510 nm emission) or rhodamine (514 
nm excitation/>530 emission) type dyes. A second 5- to 10-fold 
brighter emission for 450-500 nm excitation was observed, 
which was unusual in that each cell appeared to be outlined. 
Evidence obtained from spectroscopy and from using culture 
media of altered composition supported the conclusion that the 
water-soluble vitamin riboflavin accumulated in the basolateral 
spaces and fluid-filled "domes" and was the source of this fluo- 
rescent emission. Quantitative measurements showed that expo- 
sure to cultures to 10 ~M riboflavin resulted in accumulation in 
domes of 565 -+ 80/zM. The transport rate was calculated to be 
189 +- 30 pmol/min-cm 2. One mM probenecid, a known inhibitor 
of riboflavin transport in vivo, reduced transport to 54% of con- 
trol, while 10 mN nearly abolished the uptake. The results dem- 
onstrate that removal of riboflavin reduces MDCK cell fluores- 
cence to levels comparable with low-light level imaging. 
Furthermore, these cells actively transport riboflavin and pro- 
vide a new in vitro model for this process. 

Key W o r d s  v i tamins  �9 flavin transport,  organic anion trans- 
port - probenecid 

Introduction 

Quantitative low-light level fluorescence micros- 
copy combined with digital image processing is be- 
coming an increasingly valuable method to study a 
wide variety of cell biological processes (Arndt- 
Jovin et al., 1985; Wang & Taylor, 1989). The 
present study employs quantitative microscopy for 
an analysis of riboflavin transport by MDCK cells. 
The study was prompted by the initial observation 
that MDCK cells displayed a very high endogenous 
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fluorescence when examined by a low-light level 
imaging system. This intrinsic fluorescence inter- 
ferred with the ability to quantitate other low- 
intensity signals from experimentally added 
fluorophores. Such "autofluorescence" has previ- 
ously been attributed to a variety of sources includ- 
ing NADH, flavin proteins, riboflavin and phenol 
red, the culture media pH indicator (Aubin, 1979; 
Benson et al., 1979; Murphy, 1986). In the present 
study the identification of the vitamin riboflavin, 
present in the culture media, as the material primar- 
ily responsible for the high background fluorescence 
came in part from measurements with a micro- 
scope-based scanning spectrofluorimeter (Balaban 
et al., 1986). In addition, quantitative measure- 
ments using video microscopy demonstrated that 
riboflavin was accumulated in the lateral intercellu- 
lar spaces between MDCK cells and within the 
fluid-filled "domes"  at concentrations well above 
that in the culture media. Using these methods it 
has been possible to obtain kinetic data on this 
transport process and also show that, as seen in 
vivo (Jusko & Levy, 1975), the organic anion trans- 
port inhibitor probenecid blocks riboflavin trans- 
port. Finally, based on our findings, MDCK cells 
can be used as a new in vitro model to study trans- 
port of this anionic vitamin. 

Materials and Methods 

CELL CULTURE 

MDCK cells were started from stocks obtained from American 
Type Culture Collection (Rockville, MD). Cells were grown in T- 
25 flasks and fed three times a week on media prepared from 
Dulbecco's minimal essential media (DME) containing 10% fetal 
bovine serum (Gibco, Grand Island, NY) and penicillin-strepto- 
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myin (100 U/ml each), which was filtered before use. Cells were 
also grown in the same fashion, but in base DME media contain- 
ing neither riboflavin nor phenol red. No apparent change in cells 
grown without these media supplements, including morphology, 
growth, ability to form domes or passage ability, has been ob- 
served to date (approximately 12 months and 20 passages). 

SOLUTIONS 

DME was obtained from the NIH Media Services Division. Ri- 
boflavin was added to the DME media in a concentration of 10 
/xM. Phenol red was added at a concentration of 10 rag/liter. In 
the chamber experiments utilizing quantitative video microscopy 
the perfusate was Earle's basic saline solution (EBSS) containing 
(in mM) 142 Na, 5.4 K, 1.8 Ca, 0.8 Mg, 127 CI, 5 glucose, 4 
NaHCO3, buffered with 10 mM NaHEPES at pH 7.4. This for- 
mulation was chosen as there is likely to be sufficient bicarbonate 
for exchange mechanisms requiring this anion and pH is accu- 
rately maintained in the absence of CO2 gassing (Freshney, 
1983). 

SPECTROFLUORIMETRY 

Fluorimetric analysis of culture medium was performed using a 
scanning spectroftuorimeter (SLM 8000, SLM-Aminco, Urbana, 
IL). Excitation was at 360 nm and the emission was scanned 
from 500 to 700 nm with a l-sec integration time. The combina- 
tion of excitation and emission wavelengths was used to allow 
direct comparison of spectra to those obtained using the micro- 
spectrofluorimeter. Emission spectra obtained using 488 nm ex- 
citation were essentially identical (data not shown). Solutions 
analyzed were DME without riboflavin or phenol red and DME 
to which either riboflavin (10/xM) or phenol red (10 mg/liter) or 
both had been added. The concentrations of riboflavin and phe- 
nol red were equivalent to those in standard DME culture media. 
Microscopic fluorometric analysis of the MDCK domes was per- 
formed using a rapid scanning system attached to an inverted 
microscope (Balaban et al., 1986). Briefly, light from a 50-W 
mercury arc lamp was filtered using a 50% neutral density filter 
and passed through an excitation filter and dichroic mirror 
(model BV, Nikon) to produce 360 nm excitation). The unfiltered 
emission light was directed into a monochrometer and the spec- 
trum obtained was projected onto the face of a silicon intensified 
target video camera (Princeton Applied Research, Princeton, 
N J). The signal from the camera was gain corrected in software, 
and an emission spectrum from 380 to 580 nm obtained every 33 
msec. Spectra were obtained from MDCK domes from cultures 
grown in either normal DME culture media or DME free of 
riboflavin and phenol red. 

VIDEO MICROSCOPY 

MDCK cells grown for 4 days after passage were mounted in a 
temperature-controlled perfusion chamber and maintained at 
37~ The cells were visualized with a quantitative video micro- 
scope (Ortholux II, E. Leitz, Rockleigh, NJ) equipped with a 
63• NA objective lens (Neofluar, Zeiss, Thornwood, NY) 
and a laser illumination system (Spring & Smith, 1987). Low- 
light level video imaging was achieved with a microchannel plate 
image intensifier (Model KS-1380, Videoscope, Washington, 
DC) connected to a television camera (model 65 MKII, Dage- 

MT1, Michigan City, IN). For each dome a bright-field image, 
using the Schlieren modification of the optics described by Ax- 
elrod (1981), was obtained of the focal plane at the base of the 
dome. The height of the dome was determined from the number 
of 0.5-/xm steps needed to bring the apex into focus. These val- 
ues were used to calculate the volume and surface area of the 
dome, assuming it was a symmetrical right hemisphere. It has 
been reported (Tanner, Framach & Misfeldt, 1983) and con- 
firmed by our own preliminary results that this is an accurate 
method for the measurement of dome volume. The focal plane 
was adjusted to the base of the dome, and an initial fluorescent 
background image was recorded. In all cases this value did not 
differ from zero and was not needed for background subtraction. 
The perfusate was then switched to one of EBSS containing 10 
~M riboflavin or 10/XM riboflavin plus the inhibitor probenecid at 
1, 5 or 10 mM concentration. Images, of an 8-frame (0.25 sec) 
summation for noise reduction, were recorded on video disk 
(model VDR-1R, Arvin Echo, Mountain View, CA). The time 
interval between images was 15 sec to 1 min, with more frequent 
recordings at the start of the experiment. Fluorescent excitation 
was the 488-nm line of a 200-mW argon laser (Omnichrome, San 
Diego, CA), and the emission was filtered using a 520-nm di- 
chroic mirror and 530-nm long-pass filter. The fluorescent excita- 
tion light was on only during the 250-msec data acquisition pe- 
riod. The gain setting of the image intensifier was adjusted 
periodically to prevent the fluorescence signal from overranging 
the video camera and digitizer. Image analysis was performed on 
a Trapix 5500 (Recognition Concepts, Incline Village, NV) image 
processor using user-written software based on a library of rou- 
tines (TAU, Los Gatos, CA). The host computer for the Trapix 
was a Digital Equipment 11/73. Images (512 • 512 x 8 bits) were 
transferred from video disk to the image processor hard disk 
without any further signal averaging. Software routines allowed 
the observer to place a 100 x 100 pixel (0.18 /xm/pixel) cursor 
box centered on the location corresponding to the dome apex. 
The mean grey level for this region of interest was determined for 
all time points, and the values were then corrected for the inten- 
sifier gain setting and the dome height (pathlength). The ribofla- 
vin concentration was then calculated from the detected fluores- 
cence and a standard curve obtained from solutions of known 
riboflavin concentration in a well of known pathlength. 

Results 

M D C K  CELL " A u T o F L U O R E S C E N C E "  

F i g u r e s  1 a n d  2 C  i l l u s t r a t e  t h e  r e s u l t s  o f  o u r  in i t i a l  

l o w - l i g h t  l e v e l  o b s e r v a t i o n s  o f  M D C K  ce l l s .  A s  

s h o w n  in  F igs .  1A a n d  2C,  e x c i t a t i o n  a t  488 n m  a n d  

e m i s s i o n  o f  > 5 1 0  n m  r e s u l t e d  in  a b r i g h t  f l u o r e s c e n t  

s i g n a l  w h i c h  a p p e a r e d  to  o u t l i n e  t h e  i n d i v i d u a l  ce l l  

b o r d e r s .  T h i s  f l u o r e s c e n c e  w a s  o f t e n  e a s i l y  o b -  

s e r v e d  w i t h  t h e  i n t e n s i f i e d  c a m e r a  s y s t e m  a t  a r e l a -  
t i v e l y  l o w  g a i n  s e t t i n g .  C o m p a r i n g  t h i s  e m i s s i o n  im-  

a g e  (F ig .  1A) w i t h  b r i g h t - f i e l d  i m a g e s  (Fig .  1C)  

c o n f i r m e d  t h a t  i m a g e  f l u o r e s c e n c e  c o i n c i d e d  n e a r l y  

p e r f e c t l y  w i t h  t h e  l a t e r a l  i n t e r c e l l u l a r  s p a c e s  w h e n  
t h e  p l a n e  o f  f o c u s  w a s  a t  t h e  b a s a l  s u r f a c e  o f  t h e  
ce l l s .  T h e  o t h e r  r e l a t i v e l y  s h o r t  e x c i t a t i o n  w a v e -  

l e n g t h s  a v a i l a b l e  f r o m  t h e  l a s e r  s o u r c e  (458 n m ,  476  
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Fig. 1. Video microscopic images of MDCK cells. Cultures are 
all approximately 5 days old, completely confluent and grown in 
DME with I0% FBS (see Materials and Methods). (A) Fluores- 
cent pattern typically observed from cells grown in DME using 
488 nm excitation and 510 nm emission. Note that fluorescence 
outlines each cell and scattered light obscures cellular details. 
Panels B and C are observations of the same region of a single 
culture under the following optical conditions: (B) 514 nm excita- 
tion/530 nm emission. (C) Bright field (Schtieren optics). Image 
intensifier and video camera settings were identical for images A 
and B. Punctate fluorescence observed at 514 nm excitation (B) 
in many instances corresponds to intracellular organelles (C). 
The major fluorescence seen at shorter wavelengths (A) corre- 

nm) resulted in the same pattern of  fluorescence but 
with a reduction in intensity of approximate ly  two- 
to-fourfold. The pat tern of  f luorescence for 514 ex- 
citation (emission > 530 nm) was quite different 
from that at shorter  wavelengths,  being primarily 
associated with intracellular organelles (Fig. 1B and 
C). Many of  these fluorescent intracellular objects 
showed a perinuclear distribution, suggestive of be- 
ing mitochondrial ,  Golgi and/or  lysosomal-endoso-  
real vesicles. In some cells polarized groups of vesi- 
cle-like structures could be observed,  which 
showed intense fluorescence under both excitation 
conditions (Fig. 1A and B). 

The pat tern seen with 488 nm excitation was 
reminiscent  o f  immunocytochemica l  labeling of 
plasma membrane  cell surface antigens. Therefore,  
our initial concern was that this was a previously 
undescribed cell membrane-associa ted  autofluores- 
cence,  which would render M D C K  cells unsuitable 
for low-light level quantitative microscopy.  How- 
ever,  subsequent  observat ions  suggested that the 
fluorescence was due to freely mobile material in 
the interspaces.  Introduction of polarizing filters 
into either the emission light path or into both the 
excitation and emission pathways  only reduced the 
intensity by a factor  as great as would be expected 
for the t ransmit tance of the filters, with no effect of 
polarizer orientation. This result was consistent 
with a f luorochrome which was freely mobile in so- 
lution because  fixed molecules would show fluores- 
cence anisotropy and therefore an orientation-de- 
pendent  decrease in intensity (Axelrod, 1989). 

Observat ion of the fluid-filled hemicysts  or 
" d o m e s , "  which commonly  occur  in M D C K  cell 
cultures, also provided evidence for a fluid phase 
distribution. In Fig. 2 the bright-field (Fig. 2A) and 
the fluorescent image (Fig. 2B) and fluorescent in- 
tensity profile (Fig. 2D) for a single dome are 
shown. The profile shows the intensity is greatest  at 
the center.  The greatest  pathlength for a fluid 
marker  is the center  of  the dome,  whereas  the edge 
of the dome is the greatest  pathlength for a cell- 
associated fluorescence.  As described above,  Fig. 
2C shows the f luorescence pat tern of  cells adjacent 
to the dome,  illustrating the pericellular distribution 
of the f luorescence in flat regions of  the culture. 
These results suggested that a soluble substance in 
the culture media  or some cellular metaboli te ex- 
creted by the cells was responsible for this fluores- 
cence. 

sponds well to the cell borders (C). In this particular field the 
488-nm sensitive emissions were less intense than usual, while 
punctate emissions were more intense, fortuitously allowing si- 
multaneous observation of their relative positions. Scale bar = 
10 ~,m 
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Fig. 2. Fluid-filled dome observed under (A) bright field and (B) fluorescence microscopy (488 nm excitation/510 nm emission). Panel C 
shows the fluorescence pattern of the cells adjacent to the dome at an approximately fourfold higher image intensifier gain setting. Panel 
D shows the intensity profile across the center of the image in panel B as indicated by a horizontal line. The intensity is greatest at the 
dome center and decreases towards both edges. Scale bar = 10/,m 

IDENTIFICATION OF THE FLUOROPHORE 

The classes of compounds in DME most likely to be 
fluorescent were the amino acids, the vitamins and 
phenol red, the pH indicator added to most culture 
media. The amino acids seemed a less likely source 
because their absorption maxima are in the UV. 
Measurement of the fluorescence of solutions of 
phenol red and each of the vitamins showed that 
phenol red was weakly fluorescent and riboflavin 
was strongly fluorescent when excited at 488 rim. A 
culture medium was prepared in which both of 
these compounds were eliminated and MDCK ceils 
were grown for several passages. These cultures no 
longer showed the strong fluorescence seen at 488 
nm excitation but retained the weaker punctate 
emission when excited at 488 or 514 nm. Reintro- 
duction of media containing phenol red for 15-120 
rain failed to change this pattern. Exposure of cul- 
tures to riboflavin-containing media for as little as 5 

rain resulted in the bright cell outlines and domes 
seen in unaltered DME. The effect of longer term 
reintroduction of each of these compounds was also 
examined to determine the effect of accumulation 
over time and/or cell replication. Data from one 
representative group of sister cultures is shown in 
Table 1. The MDCK cells grown in the absence of 
riboflavin and phenol red were subcultured into 
each of the media indicated and grown to con- 
fluency over 8 days. Multiple regions were exam- 
ined, and the mean fluorescence intensity was de- 
termined. Only cultures containing riboflavin 
showed high levels of fluorescence. Although the 
combination of phenol red and riboflavin appears to 
be elevated versus riboflavin alone, culture variabil- 
ity can result in differences of similar magnitude. 
Importantly, removal of riboflavin for as little as 
three days resulted in cultures whose fluorescence 
was indistinguishable from those passaged multiple 
times in riboflavin-free DME. 
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Table 1. 

Culture condit ions Fluorescence  
intensity 

DME - phenol red - riboflavin 
DME + phenol red - riboflavin 
DME - phenol red + riboflavin 
DME + phenol red + riboflavin 
DME + phenol  red + riboflavin 8 days 

+ phenol red - riboflavin 3 days 

8 7 _  + 4 
90-+ 14 

245 -+ 32 
368 -+ 84 

7 9 -  + 8 

Fluorescent  data are means  +_ SE for 4 - 9  regions of  a single 
culture for each t reatment .  Multiple qualitative observat ions es- 
tablished that the major  source of intensity variations occurred 
between regions of a culture.  M D C K  cells grown for 6 months  in 
DME - phenol red and - riboflavin were subcul tured (1 : 5) into 
the media  indicated and grown to confluence.  For the last treat- 
ment  the cultures were fed with the two different media for the 
period indicated. The  f luorescence intensity is the mean  grey 
level for a 200 x 200 pixel region enclosing 10-15 cells using 488 
excitation/5 l0 emission.  

M I C R O S P E C T R O F L U O R I  METRY 

Additional evidence for riboflavin being the source 
of the fluorescence was obtained by microspectro- 
fluorimetry. Figure 3A and B shows emission scans 
for culture media minus phenol red and riboflavin, 
media with each compound, as well as media with 
both compounds. The emission maxima are 520 and 
580 nm for riboflavin and phenol red, respectively. 
Riboflavin shows a slight blue shift to 515 nm in the 
presence of phenol red. Figure 3C and D shows 
spectra obtained from large domes using a micros- 
pectrofluorometer. In Fig. 3C the culture was 
grown in media free of phenol red and riboflavin, 
while the culture in Fig. 3D was exposed to normal 
DME for 30 min prior to the scan. A large emission 
at 420 nm is seen in both instances and most likely is 
from cytochromes. In the absence of phenol red and 
riboflavin no additional maximum is seen beyond 
500 nm. In the presence of these two compounds a 
single additional maximum exists at 517 nm, but 
none exists in the region corresponding to phenol 
red. From these observations we concluded that the 
major source of fluorescence within the domes was 
riboflavin. 

T R A N S E P I T H E L I A L  R I B O F L A V I N  T R A N S P O R T  

An important implication of the above finding was 
that riboflavin was transported from the apical bath 
to the basal surface of the MDCK cells. We per- 
formed experiments to examine this transport phe- 
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Fig, 3. F luorescence  emission spectra  of  culture media (A and B) 
or M D C K  cell dome contents  (C and D). Spectra were obtained 
with 360 n m  excitation. Panel A shows the emission for DME 
culture media without riboflavin or phenol red, with phenol red 
only or with riboflavin only at their normal  media concentra-  
tions. B is culture media  containing both phenol red and ribofla- 
vin and illustrates the approximately 3-nm blue shift in the peak 
max imum from 520 to 517 nm seen in the riboflavin spectrum. C 
is the spec t rum from a M D C K  cell dome grown without ribofla- 
vin or phenol red. The major peak is at 448 nm, and none is seen 
above 500 nm. D is the emission spectra  for a M D C K  dome 
grown in s tandard culture media. The major peak is at 517 nm, 
the minor  peak at 448 nm, and a small shoulder  is at 529 nm. The 
major peak cor responds  well to the blue-shifted riboflavin peak 
seen in B. Note changes  in f luorescent  intensity scale between 
spectra,  especially A and B and C and D 

nomenon using quantitative video microscopy of 
the fluorescence arising from the domes. Figure 4 
shows a representative time course of riboflavin up- 
take into a single dome, grown in the absence of 
riboflavin and then exposed to 10 /J,M riboflavin in 
the perfusate. Maximum concentration is reached 
within 10 min, with the uptake rate being relatively 
linear for the first 5-7 min. Figure 5 shows mean 
values for the first 5 min of uptake measured at 30- 
sec intervals (control). Thirty seconds after ribofla- 
vin addition to the perfusate, the dome concentra- 
tion has increased to 30/XM, significantly above the 
perfusate concentration of 10 /,M. The mean con- 
centration at 5 rain was 565 _+ 80/*M (n = 11 ; Table 
1), or approximately a 60-fold increase above the 
perfusate concentration. Values for individual 
domes ranged from 100 to 1000/XM. The mean rate 
of riboflavin transport into the domes was 189 _+ 30 
pmol/min-cm 2 (Table 1), which was calculated from 
concentration values obtained between 1 and 3 rain 
after riboflavin addition. 
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Fig. 4. Riboflavin concentration in MDCK cell domes v e r s u s  

time. Time course is for a single representative dome. Uptake 
rate appears to be linear for approximately 5 rain 
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Fig. 5. Riboflavin concentration in MDCK cell domes v e r s u s  

time in the presence of varying concentrations of probenecid. 
Data are means + SE ( s e e  Table 2 for respective n values) 

PROBENECID INHIBITION OF RIBOFLAVIN UPTAKE 

Riboflavin transport studies in a variety of tissues 
and preparations, including in vivo renal clearance 
measurements, have demonstrated that an active 
transport process for this compound is sensitive to 
the competitive inhibitor of organic anion transport, 
probenecid (Jusko & Levy, 1975). Figure 5 and Ta- 
ble 2 also show the results of uptake studies in the 
presence of 1, 5, and 10 mM concentrations of pro- 
benecid. At all concentrations of probenecid, inhibi- 
tion of uptake was observed as early as the l-min 
time point (Fig. 5). Probenecid inhibited both the 
dome riboflavin concentration and uptake rate in a 
dose-dependent fashion. 10 mM probenecid almost 
completely inhibited uptake, the dome concentra- 
tion and rate being reduced to 8 and 16% of control, 
respectively (Table 2). The inhibition of uptake by 1 
mM probenecid was 56%, suggesting that this con- 
centration is likely to be close to the true ICs0 and 
apparent inhibitor constant (K~) for this compound. 

Discussion 

RIBOFLAVIN FLUORESCENCE AND 

AUTOFLUORESCENCE IN MDCK CELLS 

The finding that MDCK cell cultures transport ribo- 
flavin is a solution to an important methodological 
problem. The effort to discover the cause of what 
we initially believed to be autofluorescence was mo- 
tivated by wanting to use these cells in quantitative 
low-light level fluorescent microscopy experiments. 
Previous characterization of the low-light level 
imaging system demonstrated that specimen emis- 
sion levels of 5 x 10 -7 to 5 x 10 .6 foot candles were 

likely to give sufficient radiometric precision and 
temporal resolution for subsequent physiological 
studies (Spring & Lowy, 1989). Use of the lowest 
acceptable light levels is essential to reduce the 
time-intensity integral of specimen exposure to the 
excitation light, thus reducing the degree of photo- 
bleaching and photodamage, which can induce arti- 
facts. Specimen autofluorescence is an important 
parameter in setting the practical limit of probe mol- 
ecule concentration and excitation intensity neces- 
sary to obtain good signal-to-noise levels (Taylor & 
Salmon, 1989; Murphy, 1986). We had expected to 
find some level of autofluorescence, as emissions 
associated with cytochromes (NADH), protein- 
bound flavins and intracellular riboflavin have been 
observed in diverse cell types (Aubin, 1979; Benson 
et al., 1979). In kidney tubules autofluorescence has 
been used to distinguish between mitochondria- 
rich cells and other cell types (Kohler & Fromter, 
1985). Similar to reports by these authors, we ob- 
served a punctate fluorescence with broad excita- 
tion between 360 and 514 nm and emission above 
510 nm. We also identified cellular emissions which 
are likely due to NADH at 448 nm (Fig. 3D). Unlike 
previous reports, we observed a fluorescent emis- 
sion above 500 nm that was not punctate and in 
most cases was considerably more intense than that 
associated with cell organelles (Fig. 1A). The fact 
that the intensity was approximately fivefold higher 
than the previously determined optimal operating 
limits for low-light level studies suggested that the 
utility of this cell line for imaging methodology was 
seriously compromised. Fortunately, the major 
source of this high-level background was identified 
as riboflavin. Removal of this one compound from 
the culturing media reduced the cell background 
emission for excitation wavelengths near 480 nm to 
levels well within acceptable limits for low-light 
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Table 2. 

97 

Condition Dome riboflavin concentration Riboflavin uptake rate 

/zmol at 5 min % Control pmol/min-cm 2 % Control 

Control 565 -+ 80 100 189 +- 30 100 
n = l l  

I mM Probenecid 304 -+ 47 54 83 -+ 12 44 
n 9 P < 0.02 P < 0.001 

5 mM Probenecid 99 + 7 18 35 -+ 2 18 
n = 3 P <  0.02 P <  0.01 

10 mM Probenecid 48 +_ 20 8 31 -+ 17 16 
n - 3 P < 0 . 0 1  P < 0 . 0 1  

Data are means -+ SE for indicated n. P values are unpaired t test of control v e r s u s  probenecid treated 
cultures. The concentration 5 rain after riboflavin addition was used for these quantitative compari- 
sons. After 5 rain a significant number of the domes examined appeared to collapse, but the time 
course of the shape change was variable. There was no readily observable difference in the initial 
appearance of domes which did or did not change shape. 

level imaging. The fluorescence remaining in 
MDCK cells in the absence of riboflavin appeared 
to be largely from cytochrome or cytochrome-like 
sources. We have not attempted to grow MDCK 
cells in any of the completely defined culture media 
developed for MDCK cells, and it is likely some 
riboflavin is present in the fetal bovine serum 
(Aubin, 1979). Such an approach may or may not 
compromise these cell's nutritional requirements 
but probably would not reduce the fluorescence lev- 
els further as this approach was not successful in 
other cell lines (Aubin, 1979). We would caution 
that we have not attempted to carefully characterize 
the nutritional effects of eliminating exogenous ri- 
boflavin from the culture media formulation. Most 
media, including those such as MEM, also com- 
monly used for MDCK culture, have considerably 
less riboflavin in the standard formulation. Also 
over one year of study we have noticed no gross 
changes in cell morphology, rate of growth or sur- 
vival during passage, but these parameters have not 
been examined quantitatively. 

R I B O F L A V I N  TRANSPORT 

The second major finding of this study is that 
MDCK cells are capable of the transepithelial trans- 
port of riboflavin. This report appears to be the first 
in vitro study of transepithelial riboflavin transport 
for any renal tissue or renal-derived cells. The con- 
centration gradient measured across the dome is 
considerable, averaging approximately 60-fold. A 
passive process resulting in redistribution due to 
electrochemical gradients across the domes seems 
unlikely. The standard MDCK cell line, including 

the domes, is a leaky epithelium, and the magnitudes 
of transepithelial driving forces are modest. The re- 
ported transepithelial potential across the domes of 
+1.2 mV (Rabito et al., 1978) is considerably less 
than the approximately 100 mV Nernst potential 
that would be necessary to account for the observed 
riboflavin concentration. Similarly, if a weak anion 
transport mechanism is assumed, a pH gradient on 
the order of two units, e.g., an internal pH of 5.5, 
would be needed to maintain the anion redistribu- 
tion. Measurements of cation gradients are in keep- 
ing with the modest transepithelial potential and 
low transepithelial resistance of this cell line. So- 
dium and potassium concentrations in the domes of 
MDCK cells were shown to be not significantly dif- 
ferent from those of  the bathing medium (Lifschitz, 
1986; Rabito et al., 1978). Only chloride has been 
found to be reduced in the dome fluid by 22 raM, 
attributed to secondary active transport as identi- 
fied in a wide variety of tissues (Lifschitz, 1986). 
The specific transport mechanism for riboflavin 
needs further characterization. However, while 
there is a considerable literature on the biochemical 
and nutritional role for this vitamin (Rivlin, 1975), 
studies on riboflavin transepithelial transport in 
general or in kidney tissues in particular are not 
extensive. In vivo clearance studies in humans, rats 
and dogs demonstrated that riboflavin was not only 
cleared by glomerular filtration but also secreted 
and reabsorbed by the renal tubules of humans and 
dogs (Jusko & Levy, 1975). The site of the secre- 
tory component was thought to be in the proximal 
tubule, but no suggestion has been made for the 
absorptive component (Jusko & Levy, 1970; Jusko, 
Rennick & Levy, 1970b). Probenecid was shown to 
inhibit renal excretion in a dose-dependent fashion 
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and evidence was obtained for an effect both on the 
secretory and reabsorptive processes (Jusko et al., 
1970a,b). The only previous in vitro study to date 
examined the uptake of radiolabeled riboflavin into 
kidney slices (Spector, 1982). it was concluded 
that an active absorption process existed and that 
this process was inhibited 37% by 1 mM probenecid. 
Evidence was also presented that uptake was inhib- 
ited by weak acids, including PAH, but not the 
weak base tolazine. In rat small intestine (proximal 
jejunum) voltage-clamp studies have demonstrated 
sodium-dependent reabsorption of riboflavin (Dan- 
iel, Wille & Rehner, 1983). This process had an ap- 
parent Km of 0.54/XM. At 37~ in the presence of 10 
/LM riboflavin, a transport rate of 0.8 pmol/min-cm 2 
was observed. The transport rate of 189 pmol/min- 
cm 2 exhibited by MDCK cells is far more potent. At 
present the data concerning riboflavin transport do 
not exclude any of several mechanisms reported for 
organic ion transport. Transport of acidic vitamins 
in the intestine is thought to be primarily via a so- 
dium-dependent cotransport process, although it 
has been suggested that nonionic diffusion coupled 
to Na-H exchange may also play a role in the trans- 
port of organic anions (Moller & Sheikh, 1983; 
Murer & Burckhardt, 1983). A broadly specific 
reabsorptive system for aliphatic and monocar- 
boxycyclic acids that is sodium dependent has been 
characterized in proximal tubule (Ullrich et al., 
1982). Organic anion exchange mechanisms, with or 
without coupling to Na-H exchange, could also par- 
ticipate in the movement of this compound (Gug- 
gino, Martin & Aronson, 1983). It also remains to 
be determined whether the direction of transport 
represents a process occurring in distal tubules, the 
possible origin of MDCK cells (Rindler et al., 1979) 
or is an anomalous process unique to MDCK cells. 
The finding of this previously undescribed property 
of MDCK cells provides a new opportunity to study 
transport of this and possible other organic species 
in renal tissue. MDCK cells are readily cultured, 
genetic variant subclonal lines already exist and 
there are well established methods for studying 
transepithelial transport. Therefore, they should 
provide an ideal preparation in which to apply both 
physiological and molecular biological methods to 
characterize this renal transport mechanism. 

We thank Dr. Robert Balaban and John Eng for useful discus- 
sions and aid in using the scanning microspectrofluorimeter. 

References 

Arndt-Jovin, D.J., Robert-Nicoud, M., Kaufman, N.J., Jovin, 
T.M. 1985. Fluorescence digital imaging microscopy in cell 
biology. Science 230:247-256 

Aubin, J.E. 1979. Autofluorescence of viable cultured mamma- 
lian cells. J. Histochem. Cytochem. 27:36-43 

Axelrod, D.S. 1981. Zero-cost modification of bright field micro- 
scopes for imaging phase gradient on cells: Schlieren optics. 
Cell Biophys. 3:167-173 

Axelrod, D.S. 1989. Fluorescent polarization microscopy. Meth- 
ods Cell Biol. 29:333-352 

Balaban, R.S., Kurtz, I., Cascio, H.E., Smith, P.D. 1986. Micro- 
scopic spectral imaging using a video camera. J. Microsc. 
141:31-39 

Benson, R.C., Meyer, R.A., Zaruba, M.E., McKhann, G.M. 
1979. Cellular autofluorescence--is it due to flavins? J. His- 
tochem. Cytochem. 27:44-48 

Daniel, H., Wille, U., Rehner, G. 1983. In vitro kinetics of the 
intestinal transport of riboflavin in rats. J. N,ar. 133:636-643 

Freshney, R.I. 1983. Culture of Animal Cells: A Manual of Basic 
Technique. p. 65. Alan Liss, New York 

Guggino, S.E., Martin, G.J., Aronson, P.S. 1983. Specificity and 
modes of the anion exchanger in dog renal microvillus mem- 
branes. Am. J. Physiol. 244:F612-F621 

Jusko, W.J., Levy, G. 1970. Pharmcokinetic evidence for satura- 
ble renal tubular reabsorption of riboflavin. J. Pharmacol. 
Sci. 59(6):765-772 

Jusko, W.J., Levy, G. 1975. Absorption, protein binding and 
elimination of riboflavin. In: Riboflavin. R.S. Rivlin, editor. 
pp. 99-152. Plenum, New York 

Jusko, W.J., Levy, G., Yaffe, S.J., Gordischer, R. 1970a. Effect 
of probenecid on renal clearance of riboflavin in man. J. 
Pharmacol. Sci. 59(4):473-477 

Jusko, W.J., Rennick, B.R., Levy, G. 1970/). Renal excretion of 
riboflavin in the dog. Am. J. Physiol. 218:1046-1053 

Kohler, M., Fromter, E. 1985. Identification of mitochondrial 
rich cells in unstained vital preparations of epithelia by auto- 
fluorescence. Pfluegers Arch. 403:47-49 

Lifschitz, M.D. 1986. Prostagladins may mediate chloride con- 
centration gradient across domes formed by MDCK cells. 
Am. J. Physiol. 250:F525-F531 

Moiler, J.V., Sheikh, I. 1983. Renal organic anion transport sys- 
tem: Pharmacological, physiological and biochemical as- 
pects. P/)armacol. Rev. 34:315-358 

Murer, H., Burckhardt, G. 1983. Membrane transport of anions 
across epithelia of mammalian small intestine and kidney 
proximal ruble. Rev. Physiol. Pharmacol. 96:1-51 

Murphy, R.F., Roederer, M. 1986. Flow cytometric analysis of 
endocytic pathways. In: Applications of Fluorescence in the 
Biomedical Sciences. D.L. Taylor et al., editors, pp. 545- 
566. Alan R. Liss, New York 

Rabito, C.A., Tchao, R., Valentich, J., Leighton, J. 1978. Distri- 
bution and characteristics of the occluding junctions in a 
monolayer of a cell line (MDCK) derived from canine kidney. 
J. Membrane Biol. 43:351-365 

Rindler, M.J., Chuman, L.M., Shaffer, L., Saier, M.H., Jr. 
1979. Retention of differentiated properties in an established 
dog kidney epithelial line (MDCK). J. Cell Biol. 81:635-648 

Rivlin, R.S. (editor) 1975. Riboflavin. pp. 99-152. Plenum, New 
York 

Spector, R. 1982. Riboflavin transport by rabbit kidney slices: 
Characterization and relation to cyclic organic acid transport. 
J. Pharmacol. Exp. Ther. 221:394-398 

Spring, K.R., Lowy, R.J. 1989. Characteristics of low light level 
television cameras. Methods' Cell Biol. 29:270-291 

Spring, K.R., Smith, P.D. 1987. Illumination and detection sys- 
tems for quantitative fluorescence microscopy. J. Microsc. 
147:265-278 



R.J. Lowy and K.R. Spring: Riboflavin Transport by MDCK Cells 99 

Tanner, C., Framach, D.A., Misfeldt, D.S. 1983. Transepithelial 
transport in cell culture: A theoretical and experimental anal- 
ysis of the biophysical properties of domes. Biophys. J. 
43:183-190 

Taylor, D.L., Salmon, E.D. 1989. Basic fluorescence micros- 
copy. Methods Cell Biol. 29:208-237 

Ullrich, K.J., Rumrich, G., Kloss, S., Fasold, H. 1982. Reab- 
sorption of monocarboxylic acids in the proximal tubule of 

the rat kidney: III. Specificity for aromatic compounds. 
Pfluegers Arch. 395:227-231 

Wang, Y.L., Taylor, D.L. 1989. Fluorescence Microscopy of 
Living Cells in Culture. Part A: Fluorescent Analogues, La- 
beling Cells and Basic Microscopy Methods in Cell Biology. 
Academic, New York 

Received 8 January 1990; revised 26 March 1990 


