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SUMMARY

1. Conductance changes in the acini of the cockroach salivary gland
have been examined during nerve stimulation by means of two intra-
cellular electrodes placed in the same acinus, the first electrode being used
for recording membrane potential and the second for current injection.

2. The transient hyperpolarization secretaryy potential) in the acinus
evoked by nerve stimuli is accompanied by a rise in membrane conductance.
The conductance, however, remains high for a longer period than that
of the response.

3. Applying the analysis of Trautwein & Dudel (1958) to the secretary
potentials recorded in the acinus (assumed to behave electrically like a
single cell) gives estimates of the 'transmitter equilibrium potential'. The
values indicate that the neurotransmitter increases the membrane potas-
sium conductance.

4. The hyperpolarization of the acinus evoked by 10-6 M dopamine in
the bathing fluid is also associated with an increase in membrane potassium
conductance.

INTRODUCTION

It has been shown recently that stimulation of the nerve supply that
evokes secretion from the salivary gland of the cockroach (Whitehead,
1971) causes a hyperpolarization of the acini which may be recorded with
an intracellular electrode (House, 1973; Bland, House, Ginsborg & Laszlo,
1973). This electrical response is presumably homologous with the secretary
potentials that can be recorded from mammalian preparations and since
their origin remains somewhat puzzling it was of interest to examine the
response in the cockroach. In the mammal the amplitude of the response



724 B. L. GINSBORG, C. R. HOUSE AND E. M. SILINSKY

depends on the external ion concentrations as if it were generated by an
increase in potassium permeability (Imai, 1965; Yoshimura & Imai, 1967;
Petersen, 1970). One way of testing whether a similar mechanism operates
in the cockroach gland is to examine the effect of changing the membrane
potential of the gland cells during nerve stimulation; in particular, it
should be possible to 'invert' the secretory potential by a sufficiently large
hyperpolarization. This was the main object of the present experiments.

Nylon grids Ag/AgCI
,electrodes

_ Outflow

Inflow

Fig. 1. Diagram of experimental chamber.

METHODS

Salivary glands were dissected from adult cockroaches, Nauphoeta cinerea Olivier,
maintained in culture as described previously (House, 1973). The preparation was
mounted in the chamber shown in Fig. 1 and stretched over the transparent pedestal
by means of three silk ligatures. Two ligatures were attached to the salivary
reservoirs associated with the paired glands and the third tied to connective tissue
joining the glands anteriorly. The main ducts of the salivary glands and the reservoirs
were drawn into a suction electrode used for stimulating the salivary nerves which
are embedded in the ducts of the reservoirs and glands (Whitehead, 1971).
The preparation was bathed routinely at room temperature in a fluid containing

160 mm-NaCl, 1 mM-KCl, 5 mM-CaCl2, 1 mm-NaHCO3 and 1 mm-NaH2 PO4. In some
experiments the potassium concentration was changed to 5 mm or 10 mm by addition
of KCl. The bathing solution was pumped through the chamber at a rate of about
2 ml. min' by a Watson-Marlow H. R. Flow Inducer (MHRE 200) except when
dopamine (Sigma Chemical Co.) was applied to the preparation at a maximal rate of
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about 20 ml. min-. Non-turbulent perfusion was achieved by placing Nylon grids
between the inflow and outflow tubes (Fig. 1).

Conductance changes in an acinus were monitored by injecting current pulses
through an intracellular electrode and recording the electrotonic potentials with
another intracellular electrode placed in the same acinus. The electrodes were filled
with 3 m-KCl by the method described by Thomas (1972) and had a resistance of
10-20 MC; the bath electrodes were solid Ag/AgCl pellets as described by Beranek,
Martin & Wickelgren (1970). The current monitor circuit was identical to that of
Gage & Eisenberg (1969) except that the operational amplifier was an E-78B differ-
ential amplifier (Computing Techniques Ltd). The current electrode could be con-
nected alternatively to the input of a second recording circuit. Thus, it was possible
to confirm that satisfactory electrical coupling between different cells in an acinus
was achieved only when both electrodes were genuinely intracellular and hence
capable of recording similar secretary potentials evoked by nerve stimulation (see
Fig. 2).

Short trains (25 at 100 Hz) of stimulating pulses (0.5 msec, 10-60 V) from a square
pulse stimulator were delivered to the suction electrode. The interval between such
trains was always larger than 2 min so that maximal and reproducible responses
could be obtained (see House, 1973). The membrane potential of the gland cells was
recorded with a high impedance preamplifier (WP Instruments) connected to a
Tektronix 502 oscilloscope. Permanent experimental records were obtained with a
Brush 220 recorder.

A B C

LJ7J7J 100 nA 40 mV 7J7 7J 2100 nA

Isec 25 sec 1 sec

40 mV 40 mV ]40 mV

Fig. 2. Electrical coupling between cells. A: upper trace, current pulses;
lower trace, electrotonic potentials. B: responses simultaneously recorded
from two intracellular electrodes. a: as in A but after recovery from
responses.

RESULTS

Electrical coupling between cells in the same acinus
It does not at present seem feasible to insert two micro-electrodes into

the same cell, but the possibility of good electrical coupling in epithelia
(see Loewenstein & Kanno, 1964; Frbmter, 1972) suggested that significant
results might be obtained with the electrodes in different cells of the same
acinus. Fig. 2 shows the results of such an experiment. In A the membrane
potential was recorded with the first electrode (lower trace) and current
pulses were passed through the second electrode (upper trace). Entry into
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the acinus was signalled by the appearance of the voltage pulses on the
lower trace. The second electrode was then disconnected from the current
supply and reconnected to a second recording circuit (see Methods). When
the nerve trunk was stimulated almost identical responses were recorded
on the two channels (2B). Results of a similar nature were obtained with
many other double impalements in the same acinus but it should be
emphasized that the responses were often not identical. Since larger dis-
crepancies seemed associated with smaller voltage changes for a given
current, it is at least possible that they were due to one ofthe two electrodes
being improperly inserted. At any rate, it seemed worth pursuing the
experiments in the hope that the approximation that the whole interior
of the acinus was at the same electrical potential, so that the acinus might
therefore be treated as a single spherical cell, would not be too misleading.
From the experiments in which the second electrode was used both for recording

and current passing, it appeared that where the 'resistance' was less than 0-2 MD,
the discrepancies between the responses were large: only impalements in which this
value was exceeded were regarded as successful. Large 'apparent' resistances were
sometimes obtained, however, when neither electrode was inside a cell. The voltage
pulse on these occasions had the same rapid time course as that of the current pulse.
When the two electrodes were in distant acini, no coupling potential was observed.
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Fig. 3. Conductance change during response to nerve stimulation. A: upper
trace, current pulses; lower trace, electrotonic potentials. Period of stimula-
tion indicatedbythickeningoftracesdueto stimulus artifacts. [K]o = 10mM.
B: upper and lower envelopes of voltage trace in A (see text).

Effect of nerve stimulation on the acinar resistance
In Fig. 3A the effect of the current pulses is superimposed upon the

secretary potential evoked by nerve stimulation. The results strongly
suggest that the electrical response can be inverted. Thus, in 3B the upper
envelope of the voltage trace represents the response at the resting po-
tential; the lower envelope represents the response that would have been
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observed had a steady current equal to the pulsed current been passed
between inside and outside of the acinus.

Attention will be devoted to the 'early' part of the secretary potential. It can be
seen that the conductance remains high even though the membrane potential
recovers. It is possible that this is related to the after depolarization. which is a
prominent feature of the response in some cells (House, 1973) and it must certainly
contribute to the length of the interval required between bursts of stimuli needed to
obtain constant responses.

It therefore seems reasonable to try to interpret the secretary potential
as if it were a conventional synaptic potential generated by an additional
ion pathway, as in Fig. 4 (see e.g. Katz, 1966, p. 68).

Analysis of records
As pointed out by Trautwein & Dudel (1958), values for the conductance,

g, and the 'transmitter equilibrium potential', e, at the peak of the response
may be derived from a single record of the kind shown in Fig. 3. For the
convenience of the reader relations equivalent to those of Trautwein and
Dudel are derived here as follows (see Fig. 4). Evidently for a current pulse
I giving electrotonic potentials P and p at rest and during the response
respectively we have

P=- andpG~~Gg
where G is the resting conductance in the circuit in Fig. 4A. For a resting
potential E and a response v (see 4B) we find

g _PG ~~~~~~~~~(1)

and e =[P] v+E. (2)

These relationships could not be valid unless, as is fortunately the case,
the resting conductance were independent of the current and hence of the
membrane potential. Applying (1) and (2) to the results shown in Fig. 3
gives

g/G = 51 and e=-5lmV
(the value for e in this experiment was less negative than was typical).

Fig. 5 shows an experiment in which the conductance before and during
two responses (A and B) was investigated in the same acinus without with-
drawal of the electrodes between the responses. In B the current pulse was
twice that in A but the resting conductance remained the same (3.3 MU2-1).
The response in B was evidently inverted at the membrane potential
corresponding to the current-induced hyperpolarization; in A the corre-
sponcling response was reduced, but not reversed, with the smaller degree
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of hyperpolarization. However, almost identical values for the transmitter
equilibrium potential were calculated from the records at the peak of the
responses (e = -68 mV in A and -69 mV in B) and also for the ratios
gIG (2.1 in both cases).
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Fig. 4. Analysis of records. A: equivalent circuit. B: diagram to

illustrate symbols used in text.
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Fig. 5. Effect of current strength. A and B: upper traces, current pulses;
lower trace, electrotonic potentials. In B the current is twice that in A.

Period of stimulation indicated by thickening of traces due to stimulus

artifacts. [K]0 = 10 mm~.

Changes in potassium concentration

Too little, unfortunately, is known of the ionic composition ofthe salivary

gland cells and of the relative permeabilities of the resting cell membrane

to allow a detailed investigation of the ionic basis of the conductance

change. However, the amplitude of the secretary potential is sensitive to

the external potassium concentration (House, 1973) and it therefore seemed

A

Outside
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ofinterest to see if this also affected the 'transmitter equilibrium potential'.
Fig. 6 shows that it did. In the experiment where [K]0 was 10 mm shown
in A, the response was inverted by hyperpolarization and the 'transmitter
equilibrium potential' was estimated as 54 mV more negative than the
resting level. When the experiment was repeated after the bathing solution
had been replaced by one in which [K]0 was reduced to 1 mm the resting
potential became more negative by 2 mV, the response was no longer
inverted at the hyperpolarized level (Fig. 6B), and the 'transmitter equi-
librium potential' was calculated to be-ill mV with respect to the new

resting level. Thus, the net change in 'transmitter equilibrium potential'
was -59 mV. In another experiment the change in 'transmitter equilibrium
potential' was -56 mV for a tenfold change in [K]0. The excellent agree-
ment between these values and the theoretical change (-58 mY) that
would be expected if the secretary potential were due entirely to an increase
in potassium conductance is no doubt coincidental, but it strongly suggests
that such an increase makes an important contribution to the response at
its peak.

AB
M 100~~lOnA

I80 mV

Isec

Fig. 6. Effect of potassium concentration. A and B: upper trace, current
pulses; lower trace, electrotonic potentials. [K]0 = 10 nmm in A and 1 mm
in B. Period of stimulation indicated by thickening of traces due to stimulus
artifacts.

Comparison with dopamine response
It has recently been suggested that the transmitter responsible for the

secretary potential may be a catecholamine (Bland et al. 1973) possibly
dopaniine (House, Ginsborg & Silinsky, 1973). It was therefore of interest
to compare the effect of dopamine with that of nerve stimulation. Fig. 7
shows the result of an experiment on two different acini in the same pre-
paration, bathed in 10 mm-K. In A, the resting potential was - 22mV
and the 'transmitter equilibrium potential' was 39 mV more negative,
i.e. -61 mY. In B., the resting potential was -38 mY and the 'dopamine
equilibrium potential' was 27 mY more negative, i.e. -65 mY. In three
other cells of the same preparation bathed in 5 mm~-K the estimated equi-
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librium potentials for the dopamine response were - 82, -91 and -94 mV.
The change in the equilibrium potential for a twofold change in [K]0 is
rather larger than the theoretical change (17 mV).

100 nA

20 mV

1 sec

100 nA

Dopamine 10-6 M

20 mV

1 sec

Fig. 7. Comparison ofresponses evoked by nerve stimulation and dopamine.
A: upper trace, current pulses; lower trace, electrotonic potentials. Period
of stimulation (50 stimuli at 100 Hz) indicated by thickening oftraces due to
stimulus artifacts. B: upper and lower traces as in A. Thickening of traces
due to reduction of chart speed by a factor of 300.

DISCUSSION

As stated in the introduction, the main object ofthe present experiments
was to investigate the possibility of inverting the secretary potential, and
the results clearly show that this can be done. Although for simplicity, the
reversal potential has been referred to as the 'transmitter equilibrium
potential' it is by no means certain that the two are identical. It will in
fact be so only if the resistance between cells in the same acinus is small
with respect to that between the interior and exterior. Until more is known
about electrical coupling in the acinus, quantitative interpretations must
be regarded cautiously. Thus although the possibility (House, 1973) that
the main cause of the secretary hyperpolarization is an increase in potas-
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sium permeability has been strengthened, the participation of other ionic
changes has not been excluded. Indeed during the recovery to the resting
potential, it seems that such changes must occur.

We would like to thank Mr Colin Warwick for preparing the illustrations. E. M.
Silinsky would like to thank Professor E. W. Horton for his hospitality.
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