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Summary. In this paper, discrete as well as continuous models are developed to 
enable accurate interpretations of experimental findings of electrical cell coupling in 
the salivary gland of the larva of Drosophila hydei. With the help of these models it is 
possible to determine the nonjunctional and junctional membrane resistance as well as 
the confidence interval of these estimates, Apart from the easy culture of larvae and 
large diameters of the cells, the distal part of the salivary gland proves to be an excellent 
object for studying electrical cell coupling in a quantitative way. It is found that there 
are differences between electrical parameters in the proximal part and in the distal part 
of the gland. Furthermore, the value of the junctional resistance appears to be dependent 
on the age of the gland. Using the model descriptions, the influence of lysolecithin upon 
the electrical cell coupling is estimated in a quantitative way. It is demonstrated that 
lysolecithin, if added to the surrounding fluid, produces in a reversible way an increase 
in the nonjunctional permeability and a decrease in junctional permeability. No changes 
in membrane capacity were observed. 

Cell communica t ion  may  well play an impor tan t  role in the processes 

of cell differentiat ion and tissue growth (Loewenstein,  1966; 1968; Fursh-  

pan & P o t t e r ,  1968). In turn,  cell communica t ion  is no t  a s ta t ionary 

p h e n o m e n o n  but  is itself control led by a numb er  of processes and changes 

dur ing growth. Cyclic A M P  (cAMP) and lysolecithin are of interest in 

relat ion to these processes, cAMP,  an intermediate  in the action of m an y  

hormones ,  has been repor ted  to be involved in the regulat ion of cellular 

growth  by inducing respectively restoring contac t  inhibit ion of cell prolif- 

erat ion (for references see compan ion  paper,  H ax  et al., 1974). Lysolecithin 

influences membrane  permeabil i ty  in general (van Zutphen,  1970; Reman,  
1971). 

15" 
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For studying the effects of lysolecithin and cAMP, the salivary gland 

of the larva of Drosophila hydei was chosen because of the easy culture and 

the large dimensions of the gland cells (diameter up to 100 pm) resulting in 

an easy access for micropipettes under microscopic control. Since the gland 

is similar to a one-dimensional cable, responses to an electrical stimulation 

may be detected at relatively large distances from the source. Also its 

geometry permits a reliable estimate of the relevant parameters. 

The glands may be subdivided into two groups according to their 

cell configuration. Therefore, two discrete models are considered for the 

quantitative estimation of junctional and nonjunctional membrane resist- 

ances following approaches similar to those of Siegenbeek van Heukelom, 

Denier van der Gon and Prop (1970, 1972) and Siegenbeek van Heukelom, 

Slaaf and van der Leun (1972). It will be shown that the differences in results 

of the calculations on these two models are of minor importance compared 

with other errors arising during the experiments. 

Also a continuous model is considered in which the junctional membrane 

resistances are included in the intracellular fluid resistance. 

The models are compared with each other, because in using these models 

quite different assumptions are made. The model descriptions were used for 

evaluating the effect of a medium containing lysolecithin on membrane 

properties. It was found that the permeability of the nonjunctional mem- 

branes increases in a reversible way whereas the junctional membrane 

permeability decreases. In the companion paper (Hax et al., 1974) the results 

of the measurements on the influence of cAMP on the parameters of the 

salivary gland will be discussed. 

Materials and Methods 

All experiments were performed with a wild type stock of Drosophila hydei cultured 
at 23 ~ on standard nutritive medium of the same composition as given by Poels (1970). 

After dissection the two salivary glands were transfered to a perspex chamber filled 
with a bathing fluid [modified Shields and Sang medium, described by Poels (1972)]. 
The transfer of the salivary glands was carried out with tweezers placed upon the duct 
to avoid damage of gland cells. The bottom of the perspex chamber was covered with 
a thin translucent Sylgard gel layer. The salivary glands were fixed to the bottom by 
way of a staple placed over the duct. 

During the electrical measurements photographs were made of the salivary glands. 
These photographs were used for measuring morphological quantities, like luminal 
radius, gland radius and length of the gland. 

Electrical Measurements 
The experimental set-up is shown in Fig. 1. For the electrical measurements glass 

micropipettes were used. They were filled with 3 M KC1 and had a d-c resistance between 
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Fig. 1. Diagram of the experimental set-up 

20 and 40 M ~  and a tip potential in the bathing fluid of about 2 inV. A 1-Hz symmetrical 
square wave with an amplitude of 10 nA was injected into the most distal cell of the 
salivary gland. This current was measured as a voltage drop across a resistor between 
the square-wave generator and the stimulating micropipette and recorded on a fast 
recorder (bandwidth DC-3 kHz). The second micropipette recorded the voltage changes 
in the gland at different distances from the stimulating micropipette. These changes 
were fed into a high input-impedance amplifier (input resistance higher than 1011 f~). 
For accurate measurements of fast voltage changes due to the current injection the 
output of this amplifier was also fed into the fast recorder. Two pen-recorders (band- 
width DC-0.5 Hz) recorded the intracellular potentials as measured with the micro- 
pipettes. 

The manipulations were carried out under visual control using a microscope with 
dark field illumination. The advantage of such a microscope is the good visualization 
of the cell boundaries. 

All measurements were carried out within 2 hr after dissection of the glands. From 
experiments during which the micropipettes were held in the cells for a few hours it was 
found that the variation in recorded induced potential within a cell of the distal part 
was not more than 10% within 2 hr after dissection. 

From measurements during which the same cells repeatedly were impaled, it became 
evident that there were no remarkable changes in recorded potentials, even when the 
same cells were impaled eight times. It appeared that cell damage could be observed 
by comparing the intracellular potential of this cell with that of fresh cells. 

In no cases was the fatty tissue removed because of the possibility of damage to 
gland cells. This fatty tissue is attached to the gland cell with a minimum of contact. 
Its influence upon the electrotonic spread will be low. Also, we never detected potential 
changes inside the fat cells during current injection into the gland. 
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Theory and Analysis 

In 1965, Berendes reported observations in stained sections of glands 
showing that at least three types of cells are present during most of the 
third instar, differing in dimensions and cytoplasmic content. One type 
is situated around the glandular duct, one in the proximal part of the gland 
and the other in the distal part. We have chosen the distal part (Fig. 2) for 
the quantitative evaluation of the electrical cell coupling. 

C L -= 

C M = 

r  = 

d = 

q) = 

Symbols and Definitions 

1 R i 
2 + - - - -  

2 R, 

capacity of the membrane on the luminal side of the cells per unit 
length of gland 

capacity of the membrane on the basal side of the cells per unit 
length of gland 

capacity of the nonjunctional membrane per unit length of gland, 
defined by: e,, = CM + CL 

the length of one side of the hexagon representing the membranes on 
the basal side of cells with order number n (n > 1) 

angle, as defined in Fig. 3 a 

Fig. 2. Dark field view of the distal cells of the salivary gland of the larva of Drosophila 
hydei together with surrounding fat cells (bar = 100 lam) 
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2 = 

l = 

I r = 

L = 

M = 

N = 

p = 

r 

R = 

r i = 

r L = 

r M 

r u = 

R i 

R L 

R M 

R .  = 

Ro= 

Ro= 

Si = 

SL = 

the injected current in the most distal cell 

length constant of the gland, defined by: 2 = ~ r . / r  i 

the effective length of the distal part of the gland ( s e e  Discussion) 

the morphological length of the gland 

l/4 
number of cells abutting one cell 

the number of cells with equal order number 

the distance between the center of the ring of cells with order number 

n and the center of the ring of cells with order number n + 1. So: 
p = d(1 + sin q~) 

the radius of the lumen in the distal part 

the radius of the gland in the distal part 

the core resistance per unit length of gland 

the resistance of the membrane on the luminal side of the cells x unit 
length of gland 

the resistance of the membrane on the basal side of the cells • unit 

length of gland 

the nonjunctional membrane resistance x unit length of gland, 
1 1 1 

defined by: - § 
r u r M r L 

the resistance of the membrane between two cells with different 

order number (junctional resistance) 

the resistance of the membrane on the luminal side of a cell with order 
number n (n > 1) 

the resistance of the membrane on the basal side of a cell with order 
number n (n > 1) 

the resistance of the nonjunctional membrane of a cell with order 
1 1 1 

number n (n > 1), defined by: R. = RL + R~- 

the resistance of the membrane on the luminal side of the most 
distal cell 

the resistance of the membrane on the basal side of the most distal 
cell (order number 0) 

the surface of the membrane between two cells with different order 
number 

the surface of the membrane on the luminal side of a cell with order 
number n (n > 1) 
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SM = the surface of the membrane on the basal side of a cell with order 

number n (n > 1) 

S ~ = the surface of the membrane on the luminal side of the most distal cell 

S ~ = the surface of the membrane on the basal side of the most distal cell 

t = + V(I ) 2 -  1 

= time after starting the current injection 

v, = the voltage change in a cell with order number n 

v(x, r) = the induced potential 

x -- the distance from the current electrode into the proximal direction 
along the gland axis 

X1 -- the maximum length of the membrane on the basal side of cells with 

order number n (n > 1) in the axial direction (see Fig. 3a) 

X2 = the maximum :length of these membranes in the perpendicular di- 

rection (see Fig. 3a). 

Discrete Models 

The discrete model descriptions are based upon the assumption that 
the resistance contribution of the cytoplasm may be neglected with regard 

to the junctional and the nonjunctional membrane resistances. Thus, the 

cells are equipotential spaces. Besides it will be assumed that the junctional 

resistances in the distal part are equal. The same is supposed for the non- 

junctional resistances. If we assume that the junctional membranes have 
equal specific resistance and the same holds true for the nonjunctional 

membranes, this implies that all cells have the same shape and size. 

Configuration 1. From observations it was found that the membranes 
on the basal side of the cells show a hexagonal pattern. Therefore, in the 

first model description the configuration of the cells in the distal part of the 
gland is supposed to be like that shown in Fig. 3 a. Each cell has been given 

an order number n: the most distal cell has order number 0, the cells in the 

ring adjoining the most distal cell have order number 1, and so on. The shape 
of a cell with order number n > 1 is shown in Fig. 3 b. All cells are of the 
same shape and size. The membranes on the basal side of the cells have six 

sides with equal length d. Also the shapes of the membranes on the luminal 
side are mutually equal. An exception to the assumptions concerning the 

sizes is made for the most distal cell. The membrane on the basal and the 
luminal side of this cell have the form of half spheres with radius R and r, 
respectively (see Fig. 3 a). 

In reality the shapes of the membranes are quite different from those 
shown in Fig. 3b, in which membrane foldings and microvilli are neglected. 
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Fig. 3. (a) Model of configuration 1 of the cells in the distal part of the gland. Each 
cell has been given an order number. The radius of the lumen in this part of the gland 
is r and the radius of the gland R. (b) Model of a cell with order number n(n > 1). Note 
that the distance from the lumen axis to all angular points of the hexagon representing 
the basal membrane are equal R. Similarly, the distances from the lumen axis to all 

angular points of the hexagon representing the luminal membrane are equal r 

However ,  for  the validi ty of the mode l  with respect  to the in terpre ta t ion  of 

exper iments  on cell communica t ion ,  a morpho log ica l  similarity is not  

required.  I t  is only  necessary tha t  within reasonable  limits the a s sumpt ion  

concern ing  equatness  of the permeabi l i t ies  is satisfied. 
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Finally, it is supposed that the potentials within the bathing fluid and 
within the lumen are equal. This potential is taken as zero (see Discussion). 

The relation between the order numbers and the potentials v, induced 
by the current injection I in the most distal cell, is given by a set of difference 
equations obtained using Kirchhoff's current law: 

2(v,,_ 1 - v,,) v,, v,, 2(Vn--V,,+ 0 
- ( n _ - > 0  

Ri RE Ri 

with RL, RM and R~ the membrane resistances at luminal, basal and junc- 
1 R~ 1 

tional sides of the cell, respectively. Using c~ = 2 +5-_ ~ ,  with 
K 

1 1 
k-if-- this equation simplifies to: 

RL ~M 

denoting 

v,_l+v,+l=ev, (n>l) .  (1) 

By applying Kirchhoff's current law for the most distal cell (symbols refer- 
ring to this cell are marked by the indices o or 0) one obtains: 

IR~= 2N (vo- v~) + Vo ( ~-~M + ~-~oL ) �9 (2) 

The general solution of the second order difference Eq. (1) is given by: 

in which 
Vn=C 1 tn"~C2 t -"  (3) 

t = �89 e + V(�89 c02 - 1 (4) 

and c~ and c2 are constants. 

If v~, xp are the experimentally found values of the potentials in the different 
cells, the quantities c~, c2 and t in Eq. (3) can be computed by applying the 
minimization procedure of Fletcher and Powell (1963) on the function: 

6(q,  c2, t )=Z(q  t~ t - " -  vTP)L (5) 
n 

From the values of ca, c2 and t the values for Vo, va and so on can now 
be computed with Eq. (3). Also ~ can be computed from Eq. (4). 

If S denotes membrane surface, then R~ = SM/S ~ R~ = SL/S ~ 
and Eq. (2) changes into: 

o 
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Fig. 4. Model of configuration 2 of the cells in the distal part of the gland. Two cell 
rows can be distinguished: in one row the cells have been given order numbers n and in 

one row the cells have been given order numbers n' 

Since 0< Ri < Ri =2(c~-2), the values of R~ lie between 
- R~t R .  

1 {2N(vo-v0+Vo(~-2)---~-z) and 

Ri 
R, can be computed from: R , -  2 (~-2--7" 

2 s  ~ 
vl) + Vo (~x- 2). ~ - 1 .  (6) 

Configuration 2. It appears that the configuration of the cells in the gland 
sometimes shows a slightly different pattern as shown in Fig. 4. In this 
configuration two types of cell rows can be distinguished: type 1 in which 
the cells have order numbers n, and type 2 in which the cells have order 
numbers n'. 

The condition that all cells have equal size and shape leads to a rather 
complex model of the unit cell. Therefore, the mathematical treatment will 
be omitted here and only a few results of the calculation are given in Fig. 5. 

If we assume that both configurations are equally probable, it appears 
that in the average (c~- 2) must be 7 % lower than calculated always using 
the equations of configuration 1. However, this correction will be partly 
cancelled by errors due to other approximations (see Discussion). There- 
fore we only used configuration 1 for the quantitative evaluation of cell 
coupling. 

The Continuous Model 

Although the discrete model will be used for estimating Ri and R,, 
it is worthwhile to consider here also a continuous model in which the 



238 G . E . P . M .  van Venrooij et al. 

l 

1.0 

0.5-- 

0.0- 

:: t___, - - -  Configuration 2 
Cell type 1 

!].ui'l ......... CellC~176 2 2 

- - i  - -  Configuration 1 

....... i l :t.. 
�9 I 

1, c~=2.041 
. . . . . .  i f - - - ,  h 

........ iI L - _, 

!E_-_=..~ . . . .  

1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 1  

Order number 

Fig. 5. The relationship between the order numbers and the potentials in the cells of 
configuration 1 and of the two types of cells of configuration 2 for e = 2.041 

junctional membrane resistances are included in the intracellular fluid 
resistance, while there exists no potential change in the radial direction 
within the gland. Such a model simplifies the interpretation of some results 
and is of interest for the comparison of our results with those of others. 
Finally, the evaluation of the time-dependent course of the induced potentials 
is rather complex using discrete models. The still elaborate mathematical 
treatment of this time course with the help of the continuous model follow- 
ing partly the theoretical approach of Hodgkin and Nakajima (1972) will 
be omitted here. 

Estimation of r, and ri: Stationary Case. It can easily be proved that the 
potential v(x, ~) must satisfy the following differential equation: 

02V 0"/) 
22 - r , c , ~  (Cole, 1968). (7) - / ) -  

I n  the stationary case (~v/O z = 0) one obtains: 

,)2 02/)  
~ - = v .  (8) 

The general solution of Eq. (8) is given by: 
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The general solution for the potentials using the first discrete configuration, 
given by Eq. (3) may also be written as: 

v = c l e x p ( n p l n t ] + c 2 e x p ( n p l n t ) .  
\ p / p 

Taking x - - np  this expression changes into: 

v ( x ) = q e x p ( x l n t i + c e e x p ( - x l n t  t. 
\ P / \ P / 

From this expression and Eq. (9) it follows that: 

2 = p/ln t 
! 

cl =cl (10) 
t 

C 2 ~ C  2.  

Thus, essential parameters of the continuous model can be calculated from 
the results obtained by applying the discrete model. 

Also r, and ru can be computed from the values of R~ and Ru obtained 
from the experimental results using the discrete configuration 1 by applying 
the following procedure: In the honeycomb structure of the first discrete 
configuration of the salivary gland a repeating rectangular unit can be 
found (see Fig. 6). The resistance of such a unit in the axial direction of the 
gland is given by: �89 �9 2 �9 R,. So the core resistance r, per unit length of the 
gland is given by: 

R~ (11) ri= 2 . N . p "  

In the same way the nonjunctional resistance of a unit length of the gland 
can be calculated: 

R . . p  (12) ru- N 

Results 

Morphological Properties 

To illustrate that the cells of the gland show a hexagonal pattern, we 
chose from each of the 68 glands studied a cell where its neighbor cells 
showed up rather well. The number M of abutting cells was counted. 
A frequency distribution of the results is shown in Fig. 7A. The distribution 
shows a clear peak for M =  6 (mean 5.8). 
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Fig. 6. Part of the honeycomb structure of the gland in which a repeating rectangular 
unit can be distinguished 
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Fig. 7. (A) Frequency histogram of the cells in the distal part of the gland with respect 
to the number of their neighbors. (B) Frequency histogram of the number of cells in 

the distal part with equal order number 
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Table 1. Morphological properties of the salivary glands 
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Quantity Age: 145 to 155 hr Age: 155 to 165 hr 

Averaged so No. of Averaged SD 
value measure- value 

ments 

No. of 
measure- 
ments 

M (5.8) (68) 5.8 68 
N (6.2) (30) 6.2 30 
R 90 ~tm 20 ~tm 10 I10 ~tm 10 ~tm 30 
r 10 gm 3 p.m 10 8 ~m 2 gm 30 
X1/X z (0.74) (30) 0.74 0.12 30 
1' 1260 ~tm 200 rtm 10 1600 ~tm 200 ~tm 30 

Table 2. Computed quantities in the model of the cells of the salivary glands 

Quantity Age: 145 to 155 hr Age: 155 to 165 hr 

sin (~o) 0.22 0.22 
d 49 i.tm 58 lam 
p 60 ~tm 70 ~tm 
S M 5,800 ~tm 2 7,900 ~tm 2 
SL 610 ~tm z 570 ~tm z 
S ~ 51,000 lam 2 76,000 ~tm z 
S ~ 620 lam z 400 l.tm z 
S i 2,100 lam z 3,200 lam 2 

F r o m  30 of these sal ivary glands some morpho log ica l  proper t ies  (Table  1) 

and  the f requency  dis t r ibut ion of the n u m b e r  N of cells with equal  order  

n u m b e r  s i tuated in a r ing were est imated.  The  dis tr ibut ion of N is given in 

Fig. 7B  and  shows a sharp  p e a k  for  N =  6 (mean  6.2). 

The  sal ivary glands  with an age of 145 to 155 hr  have  the same f o r m  as 

the sal ivary glands wi th  an  age of 155 to 165 hr. The  values of M,  N and 

X1/X2 of the younge r  glands do not  change significantly dur ing this per iod.  

Using the values of Table  1 a n u m b e r  of quanti t ies  in the mode l  of the cells 

of the gland can be computed .  They  are listed in Table  2. 

Electrical Measurements 

The measu remen t s  of the electrical coupl ing were carr ied out  by  in- 

ject ing a 1-Hz symmetr ica l  square  wave with an ampl i tude  of 10 n A  into 

the m o s t  distal  cell. Measu remen t s  with ampl i tudes  up to 40 n A  show a 

l inear  re la t ionship between the vol tage changes  on different locat ions  and  

the ampl i tude  of the injected current .  
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Table 3. Results obtained from 10 salivary glands with an age of 145 to 155 hr 

2 a Ri Ru c~ c u 
(mm) (Mf~) (Mf~) cz (gF/mm) 

Averaged value 2.012 0.64 0.23 11 0.18 0.28 
SD 0.008 0.20 0.12 3 0.13 0.06 

Range 
rain. 2.003 0.35 0.08 7.3 --0.04 0.21 
max. 2.029 1.06 0.42 16 0.28 0.38 

a Each parameter value in the top row of the Table is the mean of the values computed 
separately for each of the 10 glands. Thus, the top listed value of 2 was calculated by 
averaging the values of 2 found for every gland by means of Eq. (10). 

Table 4. Results obtained from 27 salivary glands with an age of 155 to 165 hr 

~ R i R u C1 C u 

(mm) (Mf~) (Mf~) C2 (laF/mm) 

Averaged value 2.030 0.53 0.37 9.6 0.04 0.21 
SD 0.020 0.23 0.22 5.5 0.06 0.10 

Range 
rain. 2.006 0.25 0.10 2.4 --0.11 0.09 
max. 2.080 1.20 1.00 20 0.21 0.42 

In Tables  3 and 4 the results of the measuremen t s  on the electrical cou- 

pling are given. The  values of Ri in Tables  3 and  4 were calculated as the 

averaged value of the two values of Eq. (6). In  these Tables  all but  the last  

co lumn  are based on the discrete model .  

Fig. 8 shows a typical  result  of the measu remen t s  on a sal ivary g land 

with an age of 155 to 165 hr. The  pa rame te r s  of the best  fitting theoret ical  

curve in Fig. 8 are:  ~ = 2 . 0 4 1 ;  c ~ = 0 . 0 6 m V  and c2 = 1 .86mV.  

The Change o f  the Parameters Ri, R ,  and c, Induced by Lysolecithin 

The  mode l  descript ions were appl ied a m o n g  others to investigate the 

influence of lysolecithin on the electrical cell coupling.  Firs t  the pa rame te r s  

were es t imated  f r o m  measuremen t s  on a sal ivary gland (155 to 165 hr) 

in the n o r m a l  medium.  Then  this sal ivary gland was t ransfer red  to 

m e d i u m  conta in ing lysolecithin, 1-palmitoyl-sn-glycero-3-phosphorylchol ine  

(90 ~g/ml) and  the measu remen t s  were repeated  after  half  an hour.  To  check 

the reversibili ty of the process  the sal ivary gland was replaced in the no rma l  

m e d i u m  and the measu remen t s  were carr ied out  again. The  results of such 
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Fig. 8. Typical result of the measurement on electrical coupling in a gland with age 
between 155 and 165 hr. The drawn line represents the best fitting curve and the circles 

represent the experimentally found values 
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Fig. 9. Typical result of measurements on the influence of lysolecithin upon R i and R~. 
The open circles are values of R i and R, estimated from measurements in lysoIecithin- 
containing medium; the dzrk circles are values of R i and R, of the same gland in normal 

medium 

m e a s u r e m e n t s  o n  n ine  g l ands  are l is ted in  Ta b l e  5, whereas  a typica l  resul t  

is s h o w n  in  Fig.  9. F o r  the c o m p u t a t i o n s ,  the ave raged  va lues  f r o m  Tab les  1 

a n d  2 were  used  (see also Discuss ion) .  

16 J, Membrane Biol. 19 
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Table 5. Results of 

G. E. P. M. van Venrooij et al. 

experiments concerning the influence of lysolecithin on electrical 
cell coupling 

R[ys norm R[Ys/Rnorm Rlys norm Rlys/Rnorm 
t R i  ~'t  ~ ' ~  "'u R u  - ' u  t - - n  

(Mgl) (Mfl) (Mfl) (Mfl) 

Averaged value 
SE 

0.43 0.22 2.0 2.7 7.9 0.34 
0.82 0.52 1.6 4.1 12.5 0.33 
0.46 0.28 1.6 5.7 12.0 0.48 
0.31 0.29 1.1 7.2 13.0 0.55 
0.60 0.36 1.7 6.0 4.2 1.43 
0.12 0.23 0.5 4.1 7.3 0.56 
0.64 0.40 1.6 7.9 9.7 0.81 
0.92 0.24 3.8 4.4 14.0 0.31 
0.85 0.32 2.4 6.3 7.9 0.80 

0.57 0.32 1.8 5.4 9.8 0.62 
0.3 0.10 

Rlys and R lys denote the values of the junctional and the nonjunctional membrane, 
respectively, in lysolecithin-containing medium. R n~ and R n~ are the values of these 
membranes in normal medium. Also the averaged values and the standard errors of 
the ratios are given. 

Lysophosphatidyl choline (lyso PC) induces a decrease of the nonjunction- 

al resistance and an increase of the junctional resistance. (However, in one 

gland R, decreased and in another one R, increased.) The increased permeabil- 

ity of the nonjunctional membrane is not surprising as van Zutphen (1970) 

and Reman (1971) demonstrated that lyso PC was able to influence the 

membrane permeability in that way. The decreased permeability of the low 

resistance junction parallel, and probably consequent to the increased non- 

junctional permeability (and membrane potential) agrees with uncoupling 

experiments described earlier in the literature (Loewenstein, 1966; Loewen- 

stein, Nakas & Socolar, 1967; Oliveira-Castro & Loewenstein, 1971; 

Socolar & Politoff, 1971). There was no significant change in the capacity 

of the nonjunctional membrane during the experiments. 

It is notable, furthermore, that the glands were easier to impale when 
incubated in the medium containing lyso PC. This may be due to the fact 

that the mechanical stability of the nonjunctional membrane is reduced. 

Possibly the same mechanism is responsible for the increase in permeability 

as for the reduction of the mechanical stability of the nonjunctional mem- 

brane. 
Finally, it should be mentioned that there was a reversible decrease of 

about 20 % in the intracellular potential of the gland cells during incubation 
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in the lysolecithin-containing medium. This may be caused by the increase 
of the permeability of the nonjunctional membrane. It also agrees with 
observations that there exists a parallelism between the membrane potential 
and the extent of intracellular communication (Rose, 1970). 

Change of Coupling with Age 

If we compare the results between the younger and the older glands it 
may be concluded that although there is an overlap between the values of 
Ri, the difference in the average is significant. From the values of Si (Table 2) 
it follows that this cannot be due to the difference in projected surface of the 
junctional membrane. The values of Ru and c, cannot be compared because 
of the fact that the ratio between the surfaces SM and the ratio between the 
surfaces SL are not equal. In any case, Tables 3 and 4 show no significant 
difference between the R, values in younger and older glands. 

The finding of a higher coupling in younger glands agrees with the meas- 
urements of Loewenstein and Kanno (1964) on the salivary gland of larvae 
in the early or midstages of the third instar period. Our measurements were 
done on salivary glands of larvae in the end of the third instar. As may be 
expected we found values for Ri which are higher than those found by Loe- 
wenstein and Kanno. A decrease in coupling with age was also shown for 
Chironornus salivary gland (Loewenstein, Socolar, Higashino, Kanno & 
Davidson, 1965). 

It is not sensible to calculate specific membrane resistances, because 
of the fact that the membrane foldings on the basal side of the cell are quite 
different from the membrane foldings on the luminal side, and because 
of the fact that the morphological shape of the cells will not be exactly 
equal to the shape of the postulated unit cell. 

Discussion of the Model  Descriptions 

The Reliability Criterion 

Only those series for which the number of measured orders J was greater 
than or equal to 6 were used for the evaluation: 

J>6.  (13a) 

It is possible to measure the potentials with an accuracy of about 0.1 to 
0.15 mV. Therefore, only those series for which 

1 1 J - -  exp theorx2 G= j__Bn~=l(un - v  n ) ~ 0 . 0 1 5  ( m V )  2 (13b J - 3  
16" 
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were used in Tables 3, 4 and 5 ( J -  3 is the number of degrees of freedom in 
the fitting procedure). We will call this pair of conditions the reliability 
criterion. 

The Accuracy of the Estimated Values 

(a) The reliability criterion is a condition of data collection that sets 
bounds on errors. To get an impression about the errors in the estimated 
values of Ri and R, bounded by this criterion, the following procedure was 
carried out: For the parameters cl, c2 and ~ five different values covering 
the range of experimentally found values were taken: namely c 1, respectively, 
-0 .2 ,  -0.1,  0.1, 0.3, 0.5 mV; ca, respectively, 1.5, 1.75, 2.0, 2.25, 2.5 mV; 

and e, respectively, 2.001, 2.005, 2.02, 2.05, 2.10. In this way 5 x 5 x 5-- 125 
different sets (cl, ca, ~) are obtained. For each set the potentials vl, v2, ... v9 
( J =  9) were calculated with the aid of Eq. (3). Those sets giving rise to 
physically impossible potential distributions (potential not monotonously 
decreasing with increasing order number or including negative values) 
were omitted. For different values of c* around cl, c~ around c2, c~* around 

c~, the value of 9 
, �9 �9 

e2, ) - v ~  c2, 
n = l  

was calculated. From the results of these calculations it could be concluded 
that under the most unfavorable condition [G= 6 x 0.015= 0.09 (mV)2], 
and if the errors in the potential measurements are systematic, the maximum 
deviation between Ri and R, as computed from (c~, c2, ~) and as computed 
from (c*, c2, ~*) varies between 10 and 40 %. The series evaluated in Tables 3, 
4 and 5 show an average value G ~ 0.04 (mV) 2. In that case the deviation in 
Ri and R, varies between 5 and 20 %. Since part of the errors in the potential 
measurements are certainly not of a systematic character, the average in- 
accuracy in Ri and R, is not likely to exceed 10 %. The same results are found 

in cases of the other values of J (6, 7, 8). 

(b) The errors in the morphological quantities in Tables 1 and 2 may 
introduce errors in R~ and R, in the order of 20 %. In the case that measure- 
ments on one gland are compared, the errors in the morphological quantities 
are not important because they influence the results of the measurements 
on that gland always in the same way! 

(c) A possibly important source of systematic error arises from the fact 
that R~ is approximated as the arithmetic mean of an underestimate and an 
overestimate [Eq. (6)]. This may maximally introduce an error in R~ of 
half of the difference between these estimates being about 10 % and accord- 
ingly the same error in R,. 
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The question may arise, in a case where R~ really does not, for example, 

increase, is it possible that changes can occur in nonjunctional resistance 

values in such a way as to give an exaggerated overestimation of R~ in the 
final state ? To investigate this possibility we chose a fixed value for Ri and 
RL and calculated three series /)~, 1)2, ..-/)9 for RM, respectively, equal to 
2RL, RL, �89 assuming a gland length of l0 cells. The same was done for 
fixed values of Ri, RM and RL, respectively, equal to 2RM, RM, 1RM. This 
procedure was carried out for values of ~, respectively, 2.001, 2.005, 2.02, 
2.05, 2.10. From the constructed series Ri was calculated using the minimi- 
zation procedure and Eq. (6). The results show that an increase of RL with 
a factor 2 produces a very small artificial decrease of the estimate of Ri of 
less than 1%. Furthermore, an increase of RM with a factor 2 produces an 
artificial increase of the estimate of R~ of maximally 5 %. Thus, in any case, 
changes of R~ and R, in opposite directions can not very well be due to the 
averaging procedure mentioned [Eq. (6)]. 

In summary: If the errors combine in a manner usually supposed for 
random errors, the inaccuracy in R~ and R, for one gland in Tables 3 and 4 
will be equal to the square root of the summed error squares, which is 
equal to 25%. For conclusions based upon Table 5 only the errors in R~ 
and R, of 10 % described in part (a) are important. 

The Effective Length of the Gland 

Because of the finiteness of the distal part of the gland, there must be a 
value I for x at which the potential satisfies the condition: 

This value of x will be defined as the effective length 1. 

If the salivary gland would be a core with uniform composition the quan- 
tity I would be equal to the morphological length l'. 

Berendes (1965) describes cell properties of the gland in relation to 
development and showed that the proximal cells differ distinctly from the 
distal cells during the third instar. The cells in the distal part of the gland are 
much larger than those in the proximal part. Also the cytoplasmic content 
of the distal cells differs from that of the proximal cells. Under phase 
contrast as well as in sectioned material, a sharply defined boundary be- 
tween both cell types can be seen. This boundary is moving from distal to 
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proximal during the third instar, whereas the total number of cells per gland 
remains constant. 

Thus, the salivary glands used in our experiments are not cores with 
uniform composition. However, between 145 and 165 hr the distal part 
of the salivary gland shows a uniform composition. So the induced stationary 
potentials in this part are given by Eqs. (3) or (9). 

The effective length l of the distal part equals: l=~-In  ~ or: 

L = I  In (c-~-), L being the normalized effective length. 

From Tables 3 and 4, however, it follows that the so of c~/c2 is relatively 
high. So it is to be expected that the individual values of c~/c2 show a high 
inaccuracy (even some values are negative). It seemed reasonable to us to 
use the averaged value of cl/c2 as a more appropriate value for the estimation 
of a mean value of L. From this value it follows that for salivary glands 
with an age of 155 to 165 hr the value of L is L = 1.6. For the younger glands 
this value is L = 0.85. Then the averaged effective length l=  L .  ;t) of the 
older glands is 850/~m, whereas the morphological length l' is about 1600/~m. 
For the younger glands these values are 550 and 1260/~m, respectively. 

The fact that l is much smaller than l' is also illustrated in Fig. 8. In this 
case the effective length is only about 600 ~m (gth order). The curve in Fig. 5 
shows the course of the potential as a function of the order numbers with 
the same value for c~ as in Fig. 8, but for an effective length of 1600/~m. 

The fact that Ill' of the older glands seems to have a somewhat higher 
value than l/l' of the younger glands can be understood from the fact that 
the boundary between the cells with different properties is moving from 
distal to proximal during the development. 

During the experiments it was observed that on the average the bound- 
ary between the cells with different properties lies at about 650 ~m in the 
older glands. 

If we assume that the older salivary gland consists of a distal compart- 
ment (morphological length 650 gin) and a proximal compartment (morpho- 
logical length 950 #m) a relation between the core resistance r~' and the non- 
junctional resistance r~ of the proximal part can be estimated using the 
following procedure: Using Eqs. (9) and (10) and the values of Table 4 
the potential Vp at the boundary between the proximal and the distal part 
together with the current Ip entering from the distal compartment into the 
proximal one can be calculated as a function of c2. Because the potential 
in the proximal part must satisfy Eq. (9) it can be shown that the relation 
between the core resistance rr and the nonjunctional resistance r, ~ of the 
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Fig. 10. Relation between the core resistance r~' and the nonjunctional resistance r~ of 
the proximal part. The curve represents the combinations of r f and rff which satisfy 
the relation: 

,5 V r  p r p = + tgh[ with 1 p = 950 gm 
r .  

7 

proximal part is given by: 

7_ lip tgh(lPl/r';'] 
/ r :  r, V r: / with /v=950 gm. 

The curve in Fig. 10 shows the combinations of r/' and r, p which satisfy 

this condition. 

For the distal part it was found, using Eqs. (l l) and (12), that r+= 

0.43 Ms2 mm and r. = 0.11 MO mm; this combination differs significantly 

from the combinations in Fig. 10. This suggests a difference between the 

parameters of the proximal part and the parameters of the distal part. 

T h e  P o t e n t i a l  C h a n g e s  in the  L u m e n  

All calculations are carried out under the assumption that the potential 

change in the lumen is zero. To check this assumption in 10 cases this 
potential was measured. After impaling a neighbor cell of the most distal 
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cell the micropipette was carefully inserted into the lumen. This was attended 
with a sudden drop in potential to about 0 mV. After that a current with an 
amplitude of 10 nA was injected into the most distal cell. The induced 
potential VL in the lumen was on the average 0.08 mV, whereas the value 
of the induced potentials in the cell with order number 1 was about 2 mV. 

To get an impression about the influence of a nonzero potential in the 
lumen an averaged series was constructed from all series of the older glands. 
From this series e was estimated. After subtraction of VL from the values 
of v, a new ~* was calculated. It was found that (~* - 2) is about 7 % higher 
than (c~- 2). However, this error will be partly compensated by the fact that 
only configuration 1 of the discrete model was used. This will lower the value 
of e again by about 7 %, as mentioned before. 

Comparison of  the Models 

Our previous discussions and definitions of R~ and r~ consider only 
junctional resistance contributions, but the experimental values of R~ and r~ 
in the Tables and the Figures obviously include cytoplasmatic contributions 

too. 
tf the cytoplasmic resistance contribution is not neglected, the resistance 

ra per unit length in the axial direction is given by [see Fig. 6 and Eq. (11)] 

PC 
r.=ri+ 7r(g2 r 2) 

in which Pc is the cytoplasmic resistance which is of the order of 103 Omm 
(Schanne, 1969). 

Using the values listed in Tables 1-4 it follows that for the older glands 
the resistance contribution of the cytoplasm is about 5 % of the resistance 
contribution of the junctional membrane. For the younger glands this 
value is about 10%. This means that in both cases the discrete model is 
the most realistic model of the gland. 

If the effective length of the gland would be equal to the morphological 
length, the continuous treatment as done by Loewenstein and Kanno 
(1964) would be simpler than the discrete one. Because of the difference 
between the proximal and distal part of our object, the effective length is 
not known and can only be estimated by minimization procedures using 
Eq. (9). Thus, the continuous model is not preferable to the discrete one in 
order to calculate membrane resistances. The function in Eq. (9) is similar 
to the function describing potentials in the discrete model [see Eq. (10)]. 
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M o r e o v e r ,  the discrete  p r e sen t a t i on  is s impler  c o n c e r n i n g  the numer i ca l  

t r ea tment .  F u r t h e r m o r e ,  the es t imat ion  of  o rde r  n u m b e r  is easier  t h a n  the  

m e a s u r i n g  of  distances.  
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