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         An in vitro macro-model for tubular epithelial tissues was constructed. The Madin-Darby canine kidney 
    (MDCK) cells were cultured on gelatin tubues of 1-2 mm diameter. The model was characterized by 

    both histological and dielectric techniques, which revealed that cell monolayers covered totally the luminal 
     and/or abluminal surfaces of the gelatin tubes. The specific capacitance and conductance of the tubular 
     monolayers were estimated to be 1.6 pFcm-2 and 1-10 mScm-2, respectively. 
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                           INTRODUCTION 

The use of cell culture techniques enables us to study complex physiological pro-
    cesses in a relatively simple model system. In particular, the epithelial cell monolayers 

    formed on planar permeable supports provide a useful model system to examine 
    epithelial transport functions. The MDCK cell line derived from the dog kidney has 

   been extensively studied in this respect. The MDCK monolayers in a planar form 
    retained structural and functional properties similar to those of the renal tubules [1-3]. 

        In this study, we constructed a tubular monolayer system, which has a more 
   realistic configuration (as a model for the renal tubules) than the planar monolayer 

    system. The integrity of the tubular monolayers was confirmed by histological and 
    dielectric techniques. 

                       MATERIALS AND METHODS 

    Cell culture 
       The Madin-Darby canine kidney (MDCK) cells were grown in Dulbecco's modified 

   Eagle's medium (DMEM) supplemented with 5% foetal calf serum and 100 mg/1 
    kanamycin. The cells used in this experiment were in 63-70th passage. 

   Preparation of gelatin tubes 
        Stable gelatin tubes 1.8-2.0 mm in diameter were made of cross-linked gelatin 

   hydrate. A 1.6 mm glass rod was dipped into a viscous solution of 10% gelatin to form 
   a gel layer of 0.2-0.5 mm thick around the glass rod. The gelatin-coated rod was 
   treated with a 2.5% glutaraldehyde solution for 30-60 min, which treatment provided 
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mechanical stability for the gelatin layer. After the rod was transferred into water, the 

gelatin layer was slipped off from the rod. The resulting rubber-like tubes were rinsed 
thoroughly with distilled water and connected with silicon tubes as shown in Fig. 1. 
Monolayer formation 

   The gelatin tubes were sterilized in 70% ethanol for 1 hr and placed in a dish con-
taining the culture medium (DMEM). The cells, harvested with 0.05% trypsin-0.02% 
EDTA, were plated on the abluminal and/or luminal surface of the gelatin tubes. After 
1-2 day culture, the cells formed monolayers over the gelatin support. 
Light microscopy 

   Formation of the cell monolayers on the gelatin tubes was monitored under a 

phase-contrast microscope. Cross-sectional images of the monolayered tubes were ob-
tained with cryostat sections stained with hematoxylin. 
Dielectric measurements 

    A gelatin tube with or without a cell-monolayer mounted on a holder was sandwich-
ed between two platinized Pt electrodes glued onto lucite plates (Fig. 2). This system 
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Fig. 1. A gelatin tube (1) is connected with silicon Fig. 2. Exploded view of the chamber used for 

       tubes (3) via glass capillary joints (2) anddielectric studies of tubular monolayer 
        is mounted on a lucite holder (4).systems. A tube mounted on a holder is 

                                                    positioned between platinized Pt elec-
                                                 trodes. (1) Pt electrodes, (2) sealing 

                                                    films, and (3) stainless steel tubes for cir-
                                                       culation of the medium in the chamber. 
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was connected to an HP 4192A Impedance Analyzer, and the equivalent parallel 
capacitance and conductance were measured over a frequency range 10 Hz to 10 MHz, 
as described previously [4, 5]. During the measurements, the luminal and abluminal 
solutions were perfused and their conductivities were simultaneously monitored with 
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        Fig. 3. Cross-sectional views of three types of tubular monolayer systems and schematic 
               diagrams of the related dielectric models. The three systems are (a) abluminal 
               monolayer, (b) luminal monolayer, and (c) abluminal/luminal double 

                 monolayers.Scale bars indicate 0.1 mm. In the two dielectric models, a 
               relatively conducting cylinder has a poorly conducting layer (in model A) or two 

               poorly conducting layers (in model B).C, is the specific capacitance of the 
                layers (or the monolayers). 
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two flow-through type cells connected to an HP 4275A Multi Frequency LCR Meter. 
The luminal and abluminal solutions used were DMEM and 10% DMEM, respec-
tively. Both solutions contained 10 mM Hepes-NaOH (pH 7.4) and their osmolarities 
were adjusted to 280 mosM with mannitol. 

                    RESULTS AND DISCUSSION 

   By plating the MDCK cells on either one side or both sides of the gelatin tubes, we 

prepared the following three types of tubular monolayer systems: (a) abluminal 
monolayer, (b) luminal monolayer and (c) abluminal/luminal double monolayers. 
Figure 3 shows the cross-sectional view of these systems after 1-2 day culture. The cell 
monolayers stained with hematoxylin were represented by a single or double continuous 
lines 5-10 pm thick along a less stained gelatin substrate. The intercellular borders in 
the monolayers were not clearly seen in the photomicrographs. Thus, the histological 
results indicate that the cells encompassed the gelatin tubes leaving no free space and  
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        Fig. 4. Frequency dependence of the relative permittivity and conductivity of two 
                single-monolayer systems: abluminal monolayer (Curve a) and luminal 

               monolayer (Curve b). The solid lines indicate the subtractions of the artifac-
                tual components due to electrode polarization effect from raw data (dotted 
                lines). The vertical bars on the permittivity curves indicate characteristic fre-

                quencies. The thin lines refer to the data of a gelatin tube without a monolayer 
                  as a control. 
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that the adjacent cells tightly joined each other. 
    In order to characterize the passive electrical properties of the monolayers, these 

three systems were subjected to dielectric measurements. Figure 4 shows the results 
obtained with the two types of single-monolayer systems. Dielectric dispersions with a 
single characteristic frequency were observed for both the abluminal and luminal 
monolayer systems. According to the dielectric theory based on model A in Fig. 3 that 
a conducting cylinder is covered with a poorly conducting layer, we determined the 
monolayer capacitance  (CO from the dielectric data. The calculation method is de-
scribed in Appendix. The monolayer capacitance (1.6 pFcm-2) obtained for the two 
systems was in good agreement with that of planar monolayers cultured on permeable 
substrates (1.8 pFcm-2 from a.c measurements by Asami et al. [6] and 1.4 pFcm-2 
from d.c. transient measurements by Cereijido et al. [7]). 

   In contrast with the single-monolayer systems, the abluminal/luminal double-
monolayer system showed a wide-spread dispersion, in which the permittivity and con-
ductivity curves were reproduced by a superposition of two subdispersions with 
characteristic frequencies f i and fc2 (Fig. 5). This dielectric dispersion was explained by 
the dielectric theory based on model B in Fig. 3 that a conducting cylinder is covered 
with two poorly conducting layers separated by a conducting layer. Thus, the dielectric 
dispersion technique, even without recourse to a histological examination, could detect 
structure differences between the single- and double-monolayer systems. 

   Since the monolayer conductance cannot be determined from the dielectric disper-
sions observed from outside the tubes, we measured it directly across the monolayers by 
using a Pt wire electrode inserted into the lumen. When a serum-free DMEM was 
employed as the abluminal and luminal solutions, the conductance of the monolayers 
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        Fig. 5. Dielectric dispersion curves obtained for a double-monolayer system. The solid 

                lines are simulated by a superposition of two Cole-Cole type dispersions with 
                characteristic frequencies f; ,/  and fa. Dotted lines are uncorrected data for elec-
                 trode polarization. 
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was within a range of 1to 10 mScm-2, being in agreement with that of planar 
monolayers (1-10 mScm-2 obtained by Asami et al. [6], 10 mScm-2 by Misfeldt et al. 

[1] and Cereijido et al. [2] and 0.24 mScm-2 by Simons [3]). 

                         CONCLUSION 

   We constructed tubular epithelial monolayers supported by cross-linked gelatin 

hydrate. Histological and dielectric techniques confirmed the integrity of the tubular 

monolayers; i.e., the cells formed continuous monolayers on the abluminal and/or 

luminal surface of the gelatin tubes and their passive electrical properties were consis-

tent with those of the planar monolayers. Hence, this technique enables us to use the 

tubular monolayers as an in vitro macro model for tubular epithelial tissues. 
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                              APPENDIX 

   We drive equations concerning the complex permittivity (Et*) of the system that a 
cylinder (of the complex permittivity E;*) with a single layer (Es*) is placed in a con-
tinuous medium (Ea*) (see Fig. 6). Here, the complex permittivities are defined as 
E*=E—j0wEU, where £ is relative permittivity, K is conductivity, (o=2nf, f is frequency, 
E„ is permittivity of vacuum, and j= '1-1. When an electric field is applied perpen-
dicular to the longitudinal axis of the cylinder, E,* is given by 

       Et —Ea        * *  E*+£d*-4:1) (E,,*—Ep*)  (1) 
            p ( a p ) 

       **—** 

E*__£*£s+£iU (£s—£i)(2) P s 
Es* + Et* + U (Es* — E,*), 

where 0 is volume fraction, v=[R/(R+d)]2, R is the radius of the cylinder, and d is the 
thickness of the layer. Equations 1 and 2 can be rewritten as: 

 *oEpAE3 EtICl(3) £~+1 +jcoz
p+.1 +jwzq+jmEU 

The dielectric parameters—Eh, DEp, DE9, zp, vq, and kl—are given by 

B(4) 
      Eh=EQD> 

  ALP=EEa (Azp2—Erp+B), (5)           E
UC (Tp—Tq) Tp 

AEE°E°—K°T°(—Az Ez—B)(6) q
EUC(z—ZQ)rq q2+9 

(222 )



                                   Tubular Epithelial Monolayer 

 Es  

c; R 

                                                                                                •                                                                                    

• 

                  t-a 
              Fig. 6. A dielectric model for a cylinder covered with a single layer (A cross-sectional 

                       view is shown). E* is complex permittivity defined as: E*=E jr/mEv, where 
E is relative pemittivity, r is conductivity, w=27rf, f is frequency, and E„ is per-

                     mittivity of vacuum. R is the radius of the cylinder and d is the thickness of the 
                       layer. Subscripts a, s, and i are refer to the external, layer and inner phases, 

                        respectively. 
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F+ VP-4CD  
 Tp2C(7) 

  2D(8) 
          ze F+ VP -4CD ' 

 A(9) 
K1=/Ca c, 

     where 

a=(1+v)Yi+(1—v) lf(10) 

b=(1—v) (1+v)ics,(11) 

c=(1+v) Ei+(1—v) Es,(12) 

d=(1—v) Ei+(1+v) Es,(13) 

A=a (1+0) Ks+b (1—(1:0) Ka,(14) 

B=[c(1+(I))Es+d(1—D)Ea] EU2,(15) 

C=a (1—T)~s+b(1+b)/a,(16) 

D=[c(1-0)es+d(1+P)Ea] EU2,(17) 

E=[(1+0)(aes+cks)+(1—(1:)(bEa+AO] EU,(18) 

F=[(1-0)(aes+c0+(1+()(bEa+dAA.)] EU.(19) 

     Equation 3 indicates that Et* has two dielectric relaxation regions: P- and Q-relaxation. 
     The tubular monolayer systems of interest hold the following assumptions: rs<< 

is«ii and d<<R. In such cases, Et* is simply represented by 

Et*,,, Eh+  E/'+
UJE.(20)                1+           JpU 

     The dielectric parameters—Eh, At p, Tp, and Ki—are approximately given by 
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Eh=Ea,(21) 

   DE_ 4C,R0(22)                p~ (1+J)2 
E„' 

    1-0 1 123      rp~CSR(1+0 Ka+K,),() 
  1—--------0(24) 

              k ~Ka1 +' 

        where the specific capacitance of the layer, C5,is defined as C5=Erd°. Equations 22 
         and 24 are rewritten as follows: 

CS,,, (1+0)2EU(1Ep,(25) 

1— ht/YCa                                                    (26)             ~ ~
1 + i1Iic: 

         Thus, the capacitance of the layer C5 and volume fraction 0 are calculated from the 

         parameters AEp, K1, Ka and R, which are all experimentally observable. 
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