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Summary. Vascular endothelial cultures are composed of 
flat, polygonal monolayer cells which retain many of the 
growth, metabolic and physiological characteristics of the 
intimal endothelium. However, intercellular gap and tight 
junctions, which are thought to perform important roles in 
normal intimal physiology, are reduced in complexity and 
extent in culture. We have used electrophysiological tech- 
niques to test confluent (3- to 5-day) primary cultures of 
calf aortic (BAEC) and umbilical cord vein (BVEC) en- 
dothelium for junctional transfer of small ions. Both cell 
types are extensively electrically coupled. The passive elec- 
trical properties of the cultured cells were calculated from 
the decrease in induced membrane potential deflections 
with distance from an intracellular, hyperpolarizing elec- 
trode. Data analyses were based on a thin-sheet model for 
current flow (Bessel function). The generalized space con- 
stants (2) were 208.6pm (BAEC) and 288.9pm (BVEC). 
The nonjunctional (6.14 and 8.72 x l0 s f~) and junctional 
(3.67 and 3.60x 106f~) resistances were similar for the 
BAEC and BVEC, respectively. We detected no statisti- 
cally significant differences in the resistance estimates for 
the two cell types. In vivo ultrastructural studies have 
suggested that aortic endothelium has more extensive gap 
junctions than venous endothelium. We have found that 
these ultrastructural differences are reduced in culture. The 
lack of any significant difference in electrical coupling ca- 
pability suggests that cultured BAEC and BVEC have func- 
tionally similar junctional characteristics. 
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Introduction 

Vascular endothelial cultures have become po- 
pular models for the intima of large b lood ves- 
sels, due primarily to the fidelity of retention 
of in vivo biochemical, physiological, and growth 
characteristics in the culture dish (Jaffe, 
Hoyer  & Nachman,  1973; Buonassisi & Venter, 
1976; Gimbrone,  1976; D 'Amore  & Shepro, 
1977; Schwartz, 1978; Mason  et al., 1979; Buo- 
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nassisi & Colburn, 1980). I n  vivo, endothelial 
cells demonstrate  characteristic patterns of gap 
and tight junctions (Simionescu, Simionescu & 
Palade, 1975, 1976; Larson & Sheridan, 1982) 
throughout  the vascular tree. According to the 
most  complete study of endothelial junct ion 
distribution in s i tu  (summarized in Simionescu 
& Simionescu, 1977), arteries and veins have 
different patterns of junctions with arterial en- 
dothelium having the larger and more frequent 
gap junctions. Ultrastructural  studies on cul- 
tured aortic and venous endothelial cells have 
demonstrated the presence of gap and tight 
junctions, though reduced in extent and com- 
plexity (Larson & Sheridan, 1982). We have 
already reported (Larson & Sheridan, 1982) on 
the qualitative ability of the cultured cells to 
exchange small molecules, presumably by way 
of gap junctions (for reviews see  McNut t  & 
Weinstein, 1973; Hoope r  & Subak-Sharpe, 
1981). The present study is a more quantitative 
analysis of junctional  transfer utilizing electro- 
physiological measurements and a thin-sheet or 
two-dimensional cable model  (Woodbury  & 
Crill, 1961; Hyde  et al., 1969; Shiba, 1971; 
Shiba & Kanno,  1971; Jongsma & van Rijn, 
1972; Siegenbeek van Heukelom, Denier van 
der Gon  & Prop, 1972). This model  appro- 
ximates the monolayer  with an "infinite," thin, 
planar core conductor  with parallel (upper and 
lower) high resistance plates. Intracellularly in- 
jected current is assumed to flow, from a point 
or cylindrical source, radially down the cyto- 
plasmic and junctional  resistivities and at right 
angles across the relatively high resistance of 
the nonjunctional  plasma membranes.  

Using this model, we have derived estimates 
of junct ional  and nonjunctional  resistances for 
primary cultures of endothelial cells from calf 
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aortae and fetal calf umbilical cord veins. We 
have applied some new modifications of the 
f i t t ing p r o c e d u r e s  to  i m p r o v e  their  re l iab i l i ty  
a n d  h a v e  d e v e l o p e d  a p p r o p r i a t e  s ta t i s t ica l  
m e t h o d s  (see A p p e n d i x )  for  the  f i t t ing a n d  esti- 
m a t i o n  t echn iques .  A b r i e f  r e p o r t  o n  s o m e  o f  
this  w o r k  has  a p p e a r e d  e l sewhere  ( L a r s o n  & 
She r idan ,  1979). 

Symbols : 

Vr, oo 

io 
Yr 
n 

Kv(z) 

Pi 

Pc 
Rj 
r; 
rj, z 
Rm 
rm 
r 

2 
d 
I 
(1) 

X 

=steady-state membrane potential deflection at 
distance r 

= current injected 
= transfer resistance = V~. ~/i o 
=p]2nd 
=modified Bessel function of the second kind 

(order = v; argument = z) 
= resistivity of cytoplasm plus intercellular path- 

way 
= resistivity of cytoplasm 
= specific junctional resistance 
=junctional resistance 
=junctional resistance of one interface 
=specific nonjunctional resistance 
= nonjunctional resistance 
=interelectrode distance (radial distance) 
=space constant (=(Rmd/2pl) 1/2) 
= thickness of the monolayer 
=length of one side of a model hexagonal cell 
= diameter of a cell (= internuclear distance) 
= number of data points 

Materials and Methods 

Cell  Cul ture 

Endothelial cells were obtained from calf (Bos taurus) tho- 
racic aortae and fetal calf umbilical cord veins by col- 
lagenase digestion (Booyse, Sedlak & Rafelson, 1975; Ma- 
carak, Howard & Kefalides, 1977; Larson & Sheridan, 
1982). The freshly isolated cells were plated on plastic 
tissue culture dishes (Falcon Plastics) at a density of 5 to 7 
x 105 cells per 60 mm dish. The cultures were maintained 

at 37 ~ in a humidified atmosphere at 95 % air/5 % CO z 
in Medium 199 (GIBCO), with 30% heat-inactivated calf 
serum (GIBCO), L-glutamine, and antibiotics (Larson & 
Sheridan, 1982). The culture medium was changed after 
24hr and then every other day until the cultures became 
confluent (3 to 5 days). 

The cells were identified as endothelial primarily on 
the basis of morphology with confirmation by occasional 
parallel testing by indirect immunofluorescent staining for 
Factor VIII-associated protein (Jaffe et al., 1973; data not 
shown). The polygonal "cobblestone" morphology repor- 
ted for endothelial cultures under similar growth con- 
ditions (Gimbrone, Cotran & Falkman, 1974; Booyse et 
al., 1975; Haudenschild et al., 1975; Ryan et al., 1978; 
Schwartz, 1978) was characteristic of our cultures 
(Fig. 1A). The problem of occasional and minor smooth 
muscle cell contamination was avoided by testing the cul- 
tures only in areas of cellular homogeneity. 

Fig. 1. Electrical coupling in an umbilical vein endothelial 
culture. (A) Phase-contrast micrograph (j=current-inject- 
ing electrode; v2=voltage-recording electrode; bar 
=40 p.m). (B) Oscilloscope tracings corresponding to (A) 
(io=current trace from j; Vl=voltage trace from j; V 2 
=voltage trace from v2; current calibration pulse (arrow) 
= 1 x 10 -9 amp; voltage calibration pulse = 1 x 10 -3 volts) 

Equipment  

Current-injecting and voltage-recording electrodes were 
glass micropipettes prepared with a horizontal puller from 
Omega Dot capillary tubing. These micropipettes were 
filled with 3M KC1/0.1M K-acetate by the fiber-fill method 
(Tasaki et al., 1968) and connected to the amplifier circuit 
by Ag/AgC1 wires. The microelectrodes had tip resistances 
of 5 to 8 x 107 Ohms, in medium, against the Ag/AgC1 
wire bath (indifferent) electrode. 

Bridge circuits in the amplifiers allowed the monitor- 
ing of membrane potentials through the same electrodes 
used for injecting current. 

Current pulses and membrane potential traces were 
displayed simultaneously on a four-channel oscilloscope. 
Calibration pulses for current and voltage traces were 
produced by a calibrator which also provided a virtual 
ground. Microelectrodes were mounted on micromanipu- 
lators arranged around the inverted microscope. All pene- 
trations were observed under phase-contrast optics at 160 x. 

Protocol  

All experiments were carried out at room temperature and 
atmosphere in standard growth medium. The cultures 
were allowed to equilibrate to these conditions and the 
experiments were continued for 45 to 90 min. The current- 
injecting electrode (j) was inserted into one cell (peri- 
nuclear) in the monolayer (Fig. 1). Another electrode (v2), 
used for measuring membrane potential deflections, was 
inserted into another cell. Baseline membrane potential 
was monitored during each penetration and the cells were 
rejected if the measured potential was not maintained at 
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Fig. 2. Histogram describing the number of adjacent cells 
in phase micrographs of the cultures used for the electrical 
coupling experiments 

-20mV or greater (in order to insure minimal cellular 
damage). Rectangular hyperpolarizing current pulses of 1 
to 5 x 10 .9 amp and 100 to 300 msec duration were passed 
through electrode j and the consequent membrane poten- 
tial deflections detected by electrode v 2 were recorded. 
Electrode v 2 was then removed and reinserted into anoth- 
er cell in the monolayer. In order to further minimize 
possible effects of cell damage, the sequence of penetration 
by v 2 was always from long interelectrode distances to- 
ward short, utilizing the full microscopic field. This pro- 
cedure was followed until the stability of the cell with 
electrode j was impaired (1 to 7 penetrations with v2). 
Both electrodes were then removed and the experiment 
was repeated on another area in the monolayer. 

Data Collection 

Oscilloscope tracings (Fig. 1) were recorded on linagraph 
film (Kodak RAR 2495) by means of an oscillographic 
camera. Several traces (at different current levels) were 
photographed during each penetration. In addition, phase 
micrographs were taken of each penetration in order to 
allow determination of interelectrode distance (r) (Fig. 1). 

Current levels (io) and potential deflections (V ~o) were 
measured by projection of the linagraph film and Compari- 
son with calibrator standards (see Fig. 1B). Only those 
traces in which the potential deflections reached steady 
state were used. A transfer resistance term was then calcu- 
lated: 

y,= v~,~/io. 

Electrical coupling was operationally defined as the 
detection of a steady-state transfer resistance of at least 
1 x 105 ohms. The average Yr was calculated for each pair of 
cells (2 to 8 traces at different current levels). The transfer 
resistance and interelectrode distance were used for quan- 
titation of the characteristics of electrical coupling in these 
cultures. 

Physical Dimensions of Cultured 
Endothelial Cells 

By examination of phase micrographs of these experi- 
ments, it was determined that the endothelial celIs had a 

mode of six adjacent cells (Fig. 2). Therefore, the cells were 
modeled as right hexagonal prisms. Using a hexagonal 
packing model (Larson, 1980), the average internuclear 
distance (co) between adjacent cells was calculated for each 
experimental field and was assumed to be equal to the 
average cell diameter. 

Since it proved impractical to examine the particular 
cells used above for estimation of cell thickness, thin sec- 
tions (Larson & Sheridan, 1982), cut perpendicular to the 
dish, of glutaraldehyde-fixed, parallel cultures were used. 
The maximum lengths (diameters) and cross-sectional 
areas of cells cut through the nucleus were measured. The 
average thickness for each cell was obtained by dividing 
the area by the diameter. Linear regression (not shown; see 
Larson, 1980) of height on diameter allowed calculation of 
an average height (d) corresponding to the estimated 
diameters (co) from the phase micrographs. 

Results 

H o m o g e n o u s  m o n o l a y e r s  (Fig. 1) of  3 to 5-day- 
old aor t ic  and  umbil ical  vein endothe l ia l  cells 
were used for all exper iments .  F o r  aor t ic  cul- 
tures, 123 cell pairs were tested in 32 micro-  
scopic fields of  15 separa te  dishes f rom 11 dif- 
ferent  isolations.  N ine ty - fou r  cell pairs f rom 42 
fields of  16 dishes f rom 10 separa te  umbi l ica l  
vein isolat ions were used. U n d e r  the exper imen-  
tal condi t ions  em p lo y ed  (and even in mos t  ad- 
d i t ional  cases re jected due  to low m e m b r a n e  
potent ia ls)  coupl ing  (Fig. 1B) was invar iab ly  de- 
tec ted at dis tances of  15 g m  to over  300gin .  
Th e  average  cell diameters ,  ca lcula ted f rom the 
phase  micrographs ,  were 32.6 g m  for aor t ic  and  
37.9 l.tm for umbil ical  vein cul tures (see Tab le  1). 
The  in t e rpo la t ed  values for the thicknesses were 
3.0 and  1.9gin,  respectively.  Hence ,  coupl ing  
was de tec tab le  at  least 10 cell d iameters  f rom 
the cur rent - in jec t ing  electrode.  

Quantitation of Etectrotonic Transfer 
Characteristics 

The  c o m b i n e d  da ta  of  t ransfer  res is tance and  
in te re lec t rode  dis tance G(yr, r), t abu la ted  for 
aor t ic  an d  umbil ical  vein cultures,  were appl ied  
to the thin-sheet  mode l  using the fo rmu la t i on  
of  J o n g s m a  and  van  Rijn (1972). 

Th e  precise theore t ica l  decl ine of  induced  
m e m b r a n e  po ten t ia l  changes  (V~,~) with in- 
creasing in te re lec t rode  dis tance (r) is expressed 
by 

Vr, ~ = nioKo(r/2) (1) 

where  n is a res is tance t e rm (=pi/2~d), 2 is the 
space cons tan t ,  and  Ko(r /2  ) is the zero  o rde r  
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Table 1. Physical dimension 
(co = diameter; d = thickness; 
examined) 

of cultured endothelial cells 
N=number of monolayers 

Cell type N (D -}- SD d~_+SD 
(10 --4 cm) (10 -4 cm) 

Aortic 42 32.6+ 9.3 3.0+(1.0) 
Umbilical vein 42 37.9 + 10.4 1.9_+ (0.7) 

a These thicknesses were determined by interpolation 
using regression lines from electron microscopic data (see 
text). Standard deviations were assumed to be equal to 
those for the electron microscopic data. 

Bessel function of the modified second kind 
with (r/2) as the argument.1 

Since transfer resistance was used in the 
compilation of data: 

Yr = Vr, oo/io = nKo(r /2  ). (2) 

The use of the normalizing transfer resistance 
term was justified by the linear relationship be- 
tween i o and V~, ~ for given cell pairs. A typical 
current-voltage plot is shown in Fig. 3. 

In order to find the n and 2 which provide 
the best fit for the experimental data, a modi- 
fied least-squares analysis was used (Jongsma & 
van Rijn, 1972). If S is the sum of the squared 
deviations from the theoretical curve, i.e. 

s=Z(y -nKo(r/;&, (3) 
G 

then the best fitting n and 2 can be found by 
setting the first partial differentials (with respect 
to n and 2) equal to zero and solving each 
equation for n (see Jongsma & van Rijn, 1972; 
their equations (A.5) and (A.6)). The smallest S 
and hence the best n and )~ are found at the 
intersection of the resulting monotonical ly de- 
scending functions (e.g. Fig. A1 in the Appen- 
dix). 

Due to the complexity of the Bessel func- 
tions, a computer  program was generated to 
calculate the difference between the two values 
for n at given values for 2. This program on the 
Cyber 74 system at the University of Minnesota 
used a library program (Amos & Daniel, 1975) 
to calculate values for the Bessel functions. The 
iterative program found 2 to the nearest 0.1 ~tm 
and then calculated the average n. 

1 Jongsma and van Rijn (1972) used the term "Jo" for 
current injected. Since this symbol (and Io) also indicates a 
type of Bessel function, we have used "io" to avoid con- 
fusion. 
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Fig. 3. Relationship between current-injected (nanoam- 
peres) and membrane potential deflection recorded (mil- 
livolts) for a typical pair of cells at an interelectrode 
distance of 60 ~tm 

The best fitting n and 2 for the aortic (data 
set: AORTIC) and umbilical vein (data set: 
VEIN) monolayers are shown in Table2. As 
can be seen, the calculated best estimates for 
these parameters are essentially the same in the 
two different preparations. The corresponding 
plots of the data sets and best fitting curves 
based on Eq. (2) are shown in Fig. 4A and C. 

Logari thmic Transformation 

As can be seen by examination of the plots of 
data sets AORTIC and VEIN in Fig. 4A and 
C, there is a much greater scatter of experimen- 
tal points at short interelectrode distances than 
at longer distances. The use of the least-squares 
analysis requires the assumption of homosced- 
asticity of variances of the dependent  variable 
(Yr) over the range of the independent  variable 
(r) (Schmidt, 1975). This assumption is clearly 
unwarranted in these plots. In order to reduce 
this inconsistency, a natural  logarithmic trans- 
formation was carried out. 

The basic model equation (Eq. 2) therefore 
became 

In Yr = ln(nKo(r/2)) ,  (4) 

and the least-squares equation became 

S* = ~ (ln y~ - Inn - In Ko(r/2)) 2. (5) 
G 

Setting the first partial differentials of Eq. (5) 
equal to zero and solving each for n, 

1 Yr 
n 1 = exp ~- ~ In K o (r/2) ' (6) 
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Table 2. Compar ison  of best-fitting parameters  from Eq. (2) and (4) for all data sets and 
treatments 

Data  set S n --I- SD ,~ -}- SD Covari-  
(106 Q) (10 -4  cm) ance (n, 2) 

Untransformed:  
A O R T I C  1.483 x 1015 3.66_+0.66 152.5_+36.6 - 2 2 6 7  
VEIN 0.390 x 101 s 3.89_+ 0.59 159.2_+ 29.9 - 1697 

In-Transformed: 
A O R T I C  65.29 2.07_+0.25 208.6-+24.6 - 576 
VEIN 27.44 2.07 +0.25 288.9-+40.9 - 975 
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Fig. 4. Plots of transfer 
resistance (Mf~) versus 
interelectrode distance (gin) for 
cultured endothelial  cells with 
the best fitting Bessel function 
curves. (A) Untransformed data  
set A O R T I C  with a curve based 
on Eq. (2). (B) Natura l  
logari thm-transformed data set 
A O R T I C  (Eq. 4). (C) 
Untransformed data  set VEIN 
(Eq. 2), (D) Natura l  logari thm- 
transformed data set VEIN 
(Eq, 4) 

and 

Z r (ln - y "  ]Kl(r/2) 
G \ Ko(r/2)! Ko(r/2) 

n 2 = exp K 1 (r/2) (7) 

ZG r K o (r/;) 

where X is the number  of experimental data 
points. 

Calculation of the best n's and 2's were car- 
ried out with a computer  program similar to 
that ment ioned above. The new values for n 
and 2 for each data set are listed in Table 2. As 
can be seen in the corresponding Fig. 4B and 
D, this t ransformation improved the apparent 
adherence of the data bases to the assumption 
of equal variance of y~ over the range of r. 

Estimation of the Junctional 
and Nonjunctional Resistances 

Junctional Resistance. The lumped in- 
tercellular and intracellular resistivity Pi was 
calculated from the resistance term n since, by 
definition, n=pi/2~d and 

Pi = 2re nd. (8) 

Siegenbeek van Heukelom et al. (1972) derived 
the following equation (in equivalent terms 
from this paper): 

Pi =Pc +RJ 131/2 (9) 

(their Eq. 17). This equation can be expressed as 

Pz = Pc + R j~�9 (9 a) 
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Table 3, Comparison of calculated junctional and nonjunctional resistances for all data sets 
and treatments 

Data p~ Rj r i R m r,. 
set (10 3 ~cm) (f~cm 2) (10 6 f~) (10 4 f2cm z) (10 s ~) 

Untransformed: 
AORTIC 6.90 22.2 6.54 1.07 5,81 
VEIN 4.64 17.2 6.90 1.24 4,98 

In-Transformed: 
AORTIC 3.91 12.4 3.67 1.13 6,14 
VEIN 2.47 9.0 3.60 2.17 8,72 

If the junctions are assumed to be con- 
tinuously distributed around the perimeter of 
the model hexagonal cell (see Discussion), the 
junctional resistance of a cell should equal the 
specific resistance (R j) divided by the area in- 
volved or 

rj=Ry61d. (10) 

Combining Eq. (9a) and (10): 

rj=(p~-pc ) 3~/2/6d. (11) 

In the case of the AORTIC data set (In- 
transformed), if Pc = 100 flcm (a common value 
from the literature; see Schanne, 1969), pi=3.91 
x 10 a flcm and d=3 .0x  10-4 cm, then rj=3.67 
x 106 ft. This value for rj represents the parallel 

resistances of 6 interfaces between adjacent cells. 
If the resistance is expressed per interface 

rj, t= 6rj =(p~-  Pc) 3t/2/d (12) 

and, in the above example, rj, ~ = 2.20 x 107 f2. 
Calculated values for p~, Rj and rj for each 

of the data sets and treatments are listed in 
Table 3. 

Nonjunctional Resistance. In the orig- 
inal formulations of the thin-sheet model (i.e., 
Jongsma & Van Rijn, 1972), the space constant 
was defined as 

)~=(Rmd/2pi)~/2. (13) 

Solving for the specific nonjunctional resistance, 

R,~ : 2Pi 22/d. (13 a) 

Combining Eqs. (8) and (13a), 

Rm~4rcn22. (14) 

In the absence of detailed information on the 
comparative specific resistances and areas of 

the upper and lower membrane surfaces, it was 
assumed that both contributed equally. There- 
fore, the nonjunctional resistance of an average 
cell was simply obtained from the planar sur- 
face area and the specific resistance: 

r,~ = R,,/2(1.512 cot 30 ~ = R,,/1.732 co z. (15) 

The estimates for R,, and r m for the different 
data sets and treatments are listed in Table 3. 

Discussion 

The detection of steady-state potential deflec- 
tions in monolayer cells consequent to injection 
of current into other cells is indicative of re- 
latively low resistance pathways between the 
cells and is most reasonably explained by junc- 
tional transfer. The possibility that our results 
might be artifactual can be fairly easily dis- 
missed since we have shown in the same cells 
that the fluorescent dye, Lucifer yellow CH, 
passes from cell to cell without detectable leak- 
age to the extracellular space (Larson & Sheri- 
dan, 1982). While cytoplasmic bridges may oc- 
cur, they are unlikely to be common in slowly 
growing cultures and, moreover, would produce 
apparent junctional resistances orders of magni- 
tude lower than those we obtained. Therefore, it 
is reasonable to conclude that we have demon- 
strated widespread junctional transfer in our 
cultures of endothelial cells. 

The basic physical assumptions inherent in 
the thin-sheet model are: 1) The monolayer is 
assumed to consist of parallel upper and lower 
planar leaky insulators enclosing a uniform 
conducting fluid; 2) the radial extent of the 
monolayer is assumed to be infinite in relation 
to the thickness; 3) current is assumed to flow 
in two directions only, radially and at right 
angles across the planar insulators; and 4)junc- 
tional resistances between cells are assumed to 
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be constant throughout the cultures and low 
enough that the fall-off of induced potential 
does not show sharp discontinuities at junc- 
tional interfaces. 

Assumptions 1 and 2 primarily deal with 
the same problem expressed in assumption 3, 
current flow in only two directions. At ex- 
tremely short distances (r<d), current can be 
expected to flow in all directions spherically 
from a small source. Corrections for short dis- 
tances (Eisenberg & Johnson, 1970) were not 
needed in this study, however, as the smallest 
interelectrode distance was several times the 
thickness of the monolayer (and the corre- 
sponding corrections would have been insigni- 
ficant). Beyond local effects, the electrode can 
be assumed to be a cylindrical source with a 
height equal to d. Since the actual extent of the 
monolayer in a 60-mm dish was hundreds of 
times greater than the space constants, the mo- 
nolayers could be assumed to be infinite re- 
lative to the thicknesses. 

Since the monolayers used in this study 
were very uniform in packing density and cell 
distribution, a major deviation from the above 
assumptions was in the physical structure of 
individual cells and particularly in the variable 
cell thicknesses. The significant parameter in 
this regard, the electrically effective thickness, 
must lie somewhere between the maximum cell 
thickness (perinuclear) and the minimum (the 
cell height at junctional contact points). 

In the absence of an independent measure- 
ment of the electrically effective thickness, the 
estimates listed in Table 1 were used. It is clear, 
because of the uncertainties in these values, that 
less weight should be given to calculated pa- 
rameters that are directly proportional to thick- 
ness, i.e. Pi, Ri, etc. 

On the other hand, the precise value of d 
had less effect on estimates of rj and R,, or r m 
since, in these cases, the thickness term was 
partially cancelled out in Eqs. (11) and (13a) (Pi 
=2nnd) .  An order of magnitude reduction in d 
produced only a 13 ~o reduction in rj (Eq. 11). 

We have no direct way to evaluate the con- 
stancy of junctional resistances (first part of 
assumption4), although dye injection experi- 
ments (Larson & Sheridan, 1982) indicate some 
variability. We can, however, address the sec- 
ond part of assumption 4. Despite the large dif- 
ference between the presumed cytoplasmic (Pc) 
and calculated junctional (p i -p~)  resistivities, 
the use of a continuous rather than a discon- 
tinuous model was justified through reference 

to Siegenbeek van Heukelom et al. (1972) 2 who 
found virtual identity between the two models 
when A = 2.6 (I/d) (Rj/R,,) = rj, l/r,, = 0.0301. Com- 
parisons were not reported for other values of 
delta. All of our data sets and treatments yield 
deltas that were in this range (0.068 to 0.025). 

Since the least-squares analysis requires 
homoscedasticity of variances, a natural-loga- 
rithmic transformation was carried out on the 
separate data sets and equations. This treat- 
ment gave a better apparent adherence to the 
above assumption, as can be seen in Fig. 4, 
without disturbing the theoretical bases of the 
equations. The effect of this transformation was 
to uniformly reduce the junctional and increase 
the nonjunctional resistance estimates (Table 3). 
Based on the above reasoning, these values 
should be more representative of the actual cel- 
lular resistances. Therefore, our best estimates 
of junctional resistance (r) for the aortic and 
umbilical vein endothelial cells are 3.67 and 
3.60 x 106 f~, respectively, and those for the non- 
junctional resistance (rm) are 6.14 and 8.72 
x 108 f~ (Table 3). 

An estimate of the minimal number of gap 
junction particles (P) required for these junc- 
tional resistances can be made using an upper 
limit value for individual channel conductance. 
The junctional resistance can be expressed as a 
conductance (gj = 1/rj) which is composed of six 
parallel equivalent conductances (gj,~) corre- 
sponding to the six interfaces per cell (see 
above). In the case of the In-transformed AOR- 
TIC data set, g j = 2 . 7 2 x 1 0 - 7 m h o  and, since 
parallel conductances are additive, gj z=4.54 
x 10 -8 mho. If it is assumed that all i~articles 

in the gap junctions are electrically equivalent, 
then they should each have the same conduc- 
tance (gj 3. The upper-limit estimate for this 
single-ch~,nnel conductance is 10- lO mho 
(Loewenstein, 1976; Sheridan et al., 1978). All of 
the particle conductances are parallel so g j, g/gj, i 
=P-~454 for the aortic and 463 for the umbili- 
cal vein cells. These lower-limit values for the 
number of junctional channels per interface are 
quite reasonable based on observations of freeze- 
fracture replicas (Larson & Sheridan, 1982). 

In order to provide a comparison of electri- 
cal coupling in aortic and venous endothelial 

2 In their original formulation, A =0.015. Since these au- 
thors did not include the lower membrane surface in their 
calculation of R,,, the specific nonjunctional resistances 
were underestimated by a factor of two (approximately). 
Therefore, the reported delta value has been doubled to 
compensate. 
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Table 4. Variability of the estimates of 0 and r m due to the 
variability of n, 2, d and a) for all data sets and treatments 

Data  set 0+SD (10 6 ~) r,n-I-SD (10 8 ~) 

Untransformed: 
AORTIC 6.54_+ 1.20 5.81 _+ 2.98 
VEIN 6.90+ 1.23 4.98 +4.12 

In-Transformed: 
AORTIC 3.67 _+ 0.46 6.14 • 3.61 
VEIN 3.60_+ 0.45 8.72_+ 7.08 

cultures, it was necessary to analyze the statisti- 
cal fit of the experimental data to the theoreti- 
cal equations (Eqs. (20) and (4)). Explanations 
of the statistical analyses are given in the ac- 
companying Appendix. The use of a modified 
maximum likelihood test gave variances for the 
estimates of n and 2 (Table 2). These variances, 
combined with those for the estimates of d, 
allowed the calculation of the variances of the 
estimates of the resistance parameters (Table 4) 
by the method of propagation of errors. With 
these variances, comparisons were made, by hy- 
pothesis testing, between the estimated resis- 
tances for the aortic and venous cells. It can be 
assumed that the estimates (4) come from nor- 
mally distributed populations with variances 
(V) equal to the variances derived above (see 
Appendix). The appropriate test statistic is 

Z = (41 - 42)/(V1 - V2)1/2. (16) 

Examination of the specific values of r~ and 
�9 . r  . . 

r m from Table 4 reveals no statistically slgmfi- 
cant differences between aortic and umbilical 
vein cells (z<z0.89). This conclusion is not sur- 
prising due to the large variabilities of the in- 
itial estimated parameters (n and 2; Table 2) 
and the relationship noted in the Appendix 
(Fig. A1). In addition, the lack of any clearly 
defined difference in junctional size between the 
two cell types (Larson & Sheridan, 1982) sug- 
gests that these cells behave similarly in culture, 
at least with respect to electrotonic transfer 
characteristics. 

Finally, a few comments should be made 
regarding the usefulness of this electro- 
physiological analysis for comparing the capa- 
bilities for junctional communication in dif- 
ferent populations of cultured endothelial cells. 

1) First, because of the variability of data 
points even after In-transformation, only rather 
large differences in 2 and n will be distinguish- 
able statistically. Nevertheless, this method is 

superior to others (e.g. determination of cou- 
pling coefficient) because the relative contri- 
butions of junctional and nonjunctional resis- 
tances to 2 and n can be assessed. 

2) As long as the junctional channels act as 
passive diffusion pathways, changes in junc- 
tional electrical conductance implies a change 
in junctional permeability to larger molecules. 
These changes will be strictly proportional if 
based on changes in the number of open chan- 
nels, i.e. due either to changes in junctional 
area or to all-or-none closure or opening of 
existing channels. Strict proportionality would 
not be expected, however, if there were partial 
closing or opening of channels with the greatest 
discrepancies being for molecules approaching 
the diameter of the fully open channel and/or 
having large charge. It is even possible to have 
a difference in permeability to large molecules 
without a significant difference in electrical con- 
ductance. Thus, direct measurement with mole- 
cular probes, e.g. dyes, is advisible (Larson & 
Sheridan, 1982). 

3) Changes in electrical conductance (or 
even electrical coupling) per se might have a 
functional significance if there are important 
cell processes directly dependent on the transfer 
of small ions and/or electrical potential 
changes. It has been shown, for example, that 
endothelial cells are hyperpolarized by ACh 
(Venter et al., 1975). Gap junctions might serve 
to distribute such potential changes, or the ions 
producing the changes, throughout the cell po- 
pulation (similar homeostatic roles for junc- 
tional communication have been suggested by 
several authors; e.g. Loewenstein, 1976). If so, 
the degree of electrical coupling and/or magni- 
tude of junctional conductance would be direct 
measures of the capability for this form of com- 
munication. 

The authors are grateful to Ms. Patricia Anaya and Ms. 
Susan Anderson for their excellent technical assistance on 
this project and to Ms. Jean Borrett who painstakingly 
typed the manuscript. Dr. Eugene Johnson provided in- 
valuable consultation during the development of the stat- 
istical analyses. This work was supported by N.I.H. grants 
HL 06314 and HL 21166. 

Appendix 
Statistical Analyses of 
Fitting and Estimation Procedures 
for the Thin Sheet Model for Current Flow 

Scant attention has been given, in the literature, to statisti- 
cal analysis of the fitting procedure outlined in the forego- 



D.M. Larson et al.: Electrical Coupling in Endothelium 111 

14 

12 

10 

i 8 

~ 6  

1~ 26o ' ' 3OO 4O0 
LAMBOA (pm) 

Fig. A1. Plots of n~ and n 2 (M~) from the first partial 
differentials of Eq. (3) over a range of values for 2 (micro- 
meters) for the untransformed data set AORTIC. The 
single intersection point (152.5, 3.66) provides the best 
estimates of)o and n 
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Fig. A2. Approximate 95~o confidence contour for the 
best estimates of 2 and n for the untransformed data set 
AORTIC. The indicated point (152.5, 3.66) represents the 
smallest value for S (Eq. 3) 

ing paper. While it can be assumed that the derived n's 
and 2's define the best fitting solutions to Eqs. (2) and (4) 
under the assumptions employed (especially after using the 
logarithmic transformation), it is not obvious or simple to 
determine the reliability of these estimates. 

A n a l y s i s  o f  the  F i t t i n g  P r o c e d u r e  

Jongsma and van Rijn (1972) defined a test statistic which 
tests the correspondence of the data with the experimental 
model equation. While their general equation can be used 
to make comparisons between different data sets or mo- 
dels, it gives no direct information on the accuracy of 
estimates of n and 2. Since these parameters are used for 
estimation of the resistance terms from the model, the 
reliability of estimates of rj and r,, depend upon the re- 
liability of estimates of n and 2. 

A more useful statistical method was derived by utiliz- 
ing the maximum likelihood test for goodness of fit (e.g., 
Beck & Arnold, 1977). The particular modification used 
was as follows. 

The second partial differentials based on Eqs. (3) or 
(5) ~ were derived (62 S*/3 n 2; 6 2 S*/~)I~ ~.~; ~)2 8"/(~,~2 ; rules 
for differentiating Bessel functions are given in Abra- 
mowitz and Stegun, 1964). These expressions were set up 
in a 2 x 2 matrix, inverted, and multiplied by the sum of 
squares (S*; Eq. 5) divided by the number of degrees of 
freedom ( X - 2 ) .  The resulting values for the different data 
sets constitute the variance/covariance matricies for the 
estimated parameters based on the fit with the theoretical 
equation (Eq. 5). These solutions are presented in Table 2 
(as the standard deviations = V ~/2) along with those from 
the corresponding analyses based on Eq. (3). 

The following analysis is based on Eq. (5). The corre- 
sponding analysis for Eq. (3) is strictly parallel and is not 
presented. 

Effects of  the Variability 
of  the Estimates o f  n and 2 
on the Calculated Values of  rj and r,. 

The estimates of rj, found in Table 3, were calculated from 
Eq. (i1) by using the calculated value of Pi, the assumed 
value of pc=100 ~cm and the estimated value of d for 
each data set (Table 1). Since pi=2~nd,  Eq. (11) can also 
be expressed as 

r j= 1.8138 n-28.8675 d -~. (A1) 

Similarly, since Rm=4~n2  (Eq. 14), the calculating 
equation for r~ (Eq. 15) can be rewritten as 

r,, = 7.2550 n22 o9 -2. (A2) 

In both of these expressions, the estimated values of n, 
2, d and co(~(n), etc.) were used for each separate data set. 
Clearly, the variability of the calculated values of r, and r m 
depends upon the variability and covariability of t~e com- 
ponent parameters. In order to calculate the variances of 
the junctional and nonjunctional resistance estimates, the 
general procedure of propagation of errors was employed 
(e.g., Bevington, 1969). 

The basic expression for the variance (V(x)) of a func- 
tion x =f (u ,  v . . . .  ), where u, v . . . .  are variables, is 

V(x) ~_ V(u)(~x/6 u) 2 + v(v)(~x/a v)2 
+2 coy (u, v)(6x/6u)(3x/6v) + .... (A3) 

For the sake of simplicity, this expression neglects the 
higher order components of the Taylor's expansion. 

In the case of Eq. (A 1), where rj =f(n,  d), this general 
expression becomes 

V(Fj) "~ V(FI)(~Fj/(~Vt) 2 -~- V(M)((~Fj/~)d) 2 

+ 2 cov (n, d)(3~)/6n)(6r/6d). (A4) 
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While n and d are certainly related by several equations, 
there is no reason to suppose that the errors of the es- 
timates of n and d are related. Therefore, coy (n, d) was set 
equal to zero and the third term of Eq. (A4) dropped out. 
Since ~rJ~n= 1.8138 and 6rJ~d=28.8675 d -2, 

V(rj) ~- V(n)(3.28987) + V(d)(833.333 {-  4(d)) (A5) 

(where ~(d) is the estimated value of d for the cell type in 
question). 

The expression of Eq. (A3) for the nonjunctional re- 
sistance is strictly parallel but more complicated since r,, 
=f(n, 2, co). However, since coy (n, co) and cov (2, co) can be 
assumed to be zero, the solution is considerably simplified. 

The calculated V(n), V(2), V(d), V(co) and cov(n, 2) 
and the estimated (4) values of n, 2, d and co* were used to 
calculate V(rj) and V(r,,) for each data set. The variabil- 
ities of rj and r m are presented in Table 4 as the estimated 
values of rj and r m from Table3 plus or minus their 
standard deviations (V1/2). 

Explanation of the Variability 
of the Estimates of n and 2 

The individual and joint variability of n and 2 (Table 2) 
can be explained by reference to Figs. A1 and A2. These 
plots show the relationships of n and 2 for the untrans- 
formed data set AORTIC. Figure A1 shows the calculated 
values for n 1 and n 2 (from the first partial differentials of 
Eq. 3) over a range of values for 2 (Jongsma & van Rijn, 
1972). It is clear that these functions converge slowly when 
close to the best 2 and n, that is, the point of intersection 
(152.5, 3.66). 

Another way to describe the close relationship of n 
and 2 is demonstrated in Fig. A2. The set of all possible 
values for S (Eq. 3) would constitute a curved surface 
above the 2 x n plane in a three-dimensional plot. The 
minimum value for S (and the best 2 and n) is the de- 
signated point (152.5, 3.66): this point corresponds to the 
closest approach of the S surface to the 2 x n plane. In 
order to illustrate the relationship of n and 2 to this 
surface, a confidence contour based on the F-test was 
calculated (see Beck & Arnold, 1977). The confidence con- 
tour 2 shown in Fig. A2 is the exact projection of the 
values of S which can be assigned an approximate 95 % 
confidence level (the approximation is due to the non- 
linearity of the model equation, the contour is exact). 

There are clearly a wide variety of n and )~ values 
which fit the AORTIC data set as well (statistically) as do 
the derived best n and 2. The relative height and length of 
the ellipsoidal area demonstrate the variability of n and )~ 
and were roughly the same in this example (when allow- 
ance was made for the different scales). The slope of the 
major axis and the width of the area demonstrate the 
correlation and covariability of n and 2. While the area 
within the confidence contour is dependent upon the data, 
the existence of the relationship is inherent in the equa- 
tions defining S, n and L 

2 The curves depicted in Fig. A2 were fit using a least- 
squares analysis to find two polynomials (upper and lower 
curves). Each equation was limited to a 6 degree fit. 
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