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Alteration of the fast excitatory postsynaptic current by
barium in voltage-clamped amphibian sympathetic
ganglion cells
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1 Barium-induced alterations in fast excitatory postsynaptic currents (e.p.s.cs) have been studied
in voltage-clamped bullfrog sympathetic ganglion B cells.
2 In the presence of 2-8 mM barium, e.p.s.c. decay was prolonged and in many cells the e.p.s.c.
decay phase deviated from a single exponential function. The decay phase in these cases was more
accurately described as the sum of two exponential functions. The frequency of occurrence of a
complex decay increased both with increasing barium concentration and with hyperpolarization.
3 Miniature e.p.s.c. decay also was prolonged in barium-treated cells.
4 E.p.s.c. amplitude was not markedly affected by barium (2-8 mM) in cells voltage-clamped to
- 50 mV whereas at - 90 mV there was a progressive increase in peak size with increasing barium
concentration.
5 In control cells the e.p.s.c.-voltage relationship was linear between - 20 and - 100 mV;
however, this relationship became progressively non-linear with membrane hyperpolarization in
barium-treated cells. The e.p.s.c. reversal potential was shifted to a more negative value in the
presence of barium.
6 There was a voltage-dependent increase in charge movement during the e.p.s.c. in barium-
treated cells which was not present in control cells.
7 We conclude that the voltage-dependent alteration in e.p.s.c. decay time course, peak amplitude
and charge movement in barium-treated cells is due to a direct postsynaptic action of barium on the
kinetics of receptor-channel gating in postganglionic sympathetic neurones.

Introduction

Barium is a potent pharmacological blocker of
voltage-dependent potassium channels in a variety of
tissues (Sperelakis et al., 1967; Krnjevic et al., 1971;
Standen & Stanfield, 1978; Armstrong & Taylor,
1980; Adams et al., 1982). Further, with moderate
concentrations and brief exposures, barium can be
used to block selectively some currents such as the
'M' current whereas longer durations of exposure are
required to block other membrane potassium con-
ductances, such as the delayed rectifier (Adams et al.,
1982).
Barium also is commonly used in place of external

calcium to study the kinetic properties of voltage-
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gated calcium channels (Hagiwara & Byerly, 1981;
Reuter et al., 1982; Hagiwara & Ohmori, 1982).
Barium has permeability properties similar to cal-
cium, but unlike calcium, it produces much less cal-
cium channel inactivation or activation of outward
potassium currents (Tillotson, 1979; Gorman & Her-
mann, 1979).

In a preliminary examination of the influence of
different divalent cations on ganglionic transmission,
we observed that barium altered the amplitude and
decay time course of excitatory postsynaptic currents
(e.p.s.cs) in voltage-clamped postganglionic
neurones. These alterations could not be attributed
to a barium-induced block of non-synaptic mem-
brane potassium channels (Sperelakis et al., 1967;
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Krnjevic et al., 1971; Standen & Stanfield, 1978;
Armstrong & Taylor, 1980; Adams et al., 1982).
Consequently, in addition to its other pharmacologi-
cal actions, it appeared that barium also directly
influenced the kinetic properties of the nicotinic
e.p.s.c. in ganglion cells. As barium is used so com-
monly as a pharmacological tool, we felt it of interest
to investigate the postsynaptic action of barium on
ganglionic cells in more detail. We have found that in
barium-treated sympathetic postganglionic cells
there is a voltage- and concentration-dependent alt-
eration in e.p.s.c. size, decay time course and amount
of charge moved. We suggest that all of these effects
can be attributed to a direct action of barium on
nicotinic receptor-channel gating in postganglionic
sympathetic neurones.

Methods

All experiments were done in vitro on B cells of the
VIII, IX and X ganglia of the sympathetic chain of the
bullfrog, Rana catesbeiana in a HEPES-buffered
solution. No attempt was made to identify the cells as
either fast B type or slow B type cells (Dodd & Horn,
1983). The composition of the control solution was
(mM): NaCl 120, KCI 2.5, CaCl2 1.8, HEPES 1.0,
pH = 7.3, 21-23°C. BaCl2 (2-8 mM) was added di-
rectly to normal Ringer solution containing 1.8 mM
calcium. In each experiment, e.p.s.cs were initially
obtained from at least three untreated cells and then
e.p.s.cs were recorded from other cells in the same
preparation after an approximately 15 min equilibra-
tion period. The influence of barium was then tested
in a number of different cells over a subsequent
exposure period which ranged up to 110 min in any
given concentration. The results obtained from dif-
ferent preparations were pooled.

Individual B cells (30-60 pm) were identified with
a compound microscope using brightfield illumina-
tion at a magnification of 150-200 x and impaled
with two glass microelectrodes filled with 3 M KCl
(resistances of 6-15 MCI). The cells were voltage-
clamped using a two microelectrode voltage clamp as
described previously (MacDermott et al., 1980; Con-
nor et al., 1983). The following criteria were used to
select currents for analysis; (1) the voltage deviation
was less than 0.5 % of the driving force (membrane
potential-reversal potential), (2) the shift in the re-
ference voltage after a voltage-clamp run was less
than or equal to + 5 mV, and (3) the individual
currents had a stable baseline.

Fast excitatory postsynaptic currents were elicited
by constant preganglionic stimulation at a frequency
of - 0.4 Hz. Individual currents were filtered (2 kHz)
and digitized with a PDP 11/03 computer
(Digital Equipment Corp., Marlboro, MA). Four to

eight individual currents were averaged to improve
the signal to noise ratio. However, under all experi-
mental conditions, each individual e.p.s.c. was similar
to the averaged e.p.s.c. Each mean current was anal-
ysed for peak current amplitude and rate of decay.
The e.p.s.c. decay in control cells was well described
as a single exponential function. However, in many
barium-treated cells the e.p.s.c. decay was not ade-
quately fitted as a single exponential but was ade-
quately fitted by the sum of two exponential compo-
nents. The following procedure was established to
determine the appropriate fit; i.e. single or double
exponential, for the decay time course. The decay
phase of e.p.s.cs from barium-treated cells was fitted
both as a single exponential or as the sum of two
exponential components. A computer generated
function was then superimposed on the e.p.s.c. decay.
A RMS error between the actual and theoretical
traces was determined to estimate the goodness of fit.
E.p.s.cs were considered more adequately fitted by
the sum of two exponentials if the double exponential
curve fit reduced the RMS values obtained with the
single fit by at least 50%. The current decay was
analysed by a weighted linear regression of log (amp-
litude) versus time which compensated for the bias of
noise (Connor et al., 1983). Double exponential fits
were obtained by successive peeling of each expo-
nential component from the decay as described pre-
viously (Connor et al., 1983).
The decay time course of spontaneous miniature

excitatory postsynaptic currents (m.e.p.s.cs) and
evoked e.p.s.cs were compared in some of the
barium-treated preparations. The frequency of
m.e.p.s.cs is very low in ganglia, but can be enhanced
by repetitive preganglionic stimulation (Blackman et
al., 1963; McLachlan, 1977). Consequently, for
these experiments, m.e.p.s.cs and e.p.s.cs were re-
corded after a lOs period of 15 Hz preganglionic
stimulation. In separate experiments the influence of
8 niM barium was determined on m.e.p.s.c. decay in
cells exposed to an elevated potassium concentra-
tion. M.e.p.s.c. frequency is also increased in high
potassium (Mclsaac, 1971). In these experiments,
15 mM KCl was added directly to the control Ringer
solution and m.e.p.s.cs were recorded from different
cells before and during exposure to 8mM barium.
There are two cell types (B cells and C cells) in the
ganglion. However, the B cells are consistently larger
than C cells (Dodd & Horn, 1983) so that we only
chose the largest cells for these particular experi-
ments.

Total charge movement during the e.p.s.c., calcu-
lated for control cells and barium-treated cells
voltage-clamped to - 50 mV and - 90 mV was deter-
mined by computerized integration.
Average data values obtained from several cells

are consistently presented as mean ± s.e.mean.
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Results

Postganglionic cell action potentials are prolonged in
barium
In the initial series of experiments we studied the
influence of 4 mM barium on the action potential
configuration of postganglionic neurones. Indirectly
stimulated action potentials were recorded in a
number of control cells; barium was then added to
the bathing solution and recordings were made in a
number of other cells. Adams et al. (1982) have
demonstrated that brief exposures to barium
(1-4 mM) selectively inhibited the 'M' current but
with longer durations of treatment, barium in the
same concentration range also blocked the delayed
rectifier. As a consequence, postganglionic cell ac-
tion potentials progressively increased in duration.
This was observed in the present experiments. Action
potential prolongation developed gradually until
30-40 min of exposure. In addition to an altered
action potential configuration, barium-treated cells
gradually became depolarized so that in many of
these cells, trains of spikes were recorded immediate-
ly following impalement. These diminished gradually
as the cell depolarized further following impalement
or could be stopped abruptly when hyperpolarized by
the injection of current. Typical results are shown in
Figure 1. Example (a) is a control cell action potential
elicited by preganglionic stimulation and recorded at
a membrane potential of - 55 mV. Record (b) shows
the configuration of spontaneous spikes recorded in
another cell maintained in the 4 mM barium solution
for approximately 90 min. The resting membrane
potential of this cell was -46 mV when first impaled
and a train of these spontaneous spikes was recorded.
Record (c) is an indirectly stimulated spike recorded
in the same cell after being hyperpolarized to
- 57mV. These results demonstrate the effect of
barium on action potential configuration following a
reduction of the voltage-dependent potassium
current.

E.p.s.c. decay time course is altered in barium-treated
cells

In all control cells, the e.p.s.c. rose to a peak value
within a few ms and then decayed as a single expo-
nential function over most of its time course (Kuba &
Nishi, 1979; MacDermott et al., 1980; Connor et al.,
1983). In eight control cells from three preparations
voltage-clamped to -50 mV, the time constant of
decay (T) was 4.7 ± 0.1 ms. Exposure to barium
(2- 8 mM) produced a concentration-dependent pro-
longation of the e.p.s.c. This is illustrated in Figure 2
which shows averaged e.p.s.cs obtained in four differ-
ent cells from the same preparation, each voltage-

a j

b I

c

Figure 1 The influence of barium on ganglion cell
action potentials. (a) An indirectly-stimulated action
potential recorded in a control cell (resting potential was
-53 mV). (b) Spontaneous action potentials recorded
immediately following impalement of a cell exposed to
4 mM barium for approximately 90 min (resting poten-
tial was -48 mV). (c) An indirectly stimulated action
potential recorded in the same cell as in (b) with the
membrane potential increased to - 57 mV to stop the
spontaneous activity. For all traces, the calibration
equals 20 mV (vertical axis) and 20 ms (horizontal axis).

clamped to -50 mV. Record (a) was recorded from a
control cell before barium treatment and records (b),
(c) and (d) were recorded during exposure to 2, 4 or
8 mM barium. In the presence of barium, e.p.s.c.
decay was not just simply prolonged in many cells but
also could no longer fit as a single exponential
function. In these cases the decay was more accurate-
ly described as the sum of two exponential decay

l
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Flgure 2 Averaged e.p.s.cs from different cells in one ganglion preparation illustrating the e.p.s.c. decay
prolongation and deviation from a single exponential in the presence of barium. E.p.s.cs were obtained at -50 mV.
(a) An averaged e.p.s.c. obtained in the absence of barium. (b-d) averaged e.p.s.cs recorded in 2 mM barium for
74 min, 4 mm for 63 min, or 8 mM for 5 1 min. A linear fit to the in of the decay phase between the vertical cursor lines
is shown above each trace. A computer generated exponential function with the T derived from the component
between the cursors (approx. 80-20% decay) is superimposed on the e.p.s.c. decay to illustrate the initial deviation
from a single exponential and the residual tail component of e.p.s.cs recorded in barium. The vertical calibration bar
equals 5 nA and the horizontal calibration equals 10 ms.

Table 1 Summary of decay characteristics in barium-treated preparations

Barium conc. Membrane voltage

0
0
2
2
4
4
8
8

-50
-90
-50
-90
-50
-90
-50
-90

Number of
cells studiedTi

4.7 +0.1
5.3 ± 0.2
4.1*
4.8+0.2
3.9±0.3
4.9±0.1
5.1 ±0.2
6.1 +0.6

13.6*
14.3 ± 1.4
13.3 ±0.2
17.5 ± 1.2
17.9± 1.0
25.2 ± 1.9

8
8
4
4
5
5

11
10

% of cells
exhibiting

complex decay

0
0

50
75
80
100
100
100

The results are expressed as mean ± s.e.mean except * mean of 2 experiments.
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components. Because of this deviation from a single
exponential decay, we have estimated the extent of
e.p.s.c. prolongation by comparing the e.p.s.c. dura-
tion at the 50% decay time point in control cells and
in cells exposed to barium. For cells voltage-clamped
to -50 mV, the duration was increased by approxi-
mately 25, 34 and 57% in 2, 4 or 8 mM barium over
that of the control cell e.p.s.cs. In barium-treated
cells the deviation of the e.p.s.c. decay phase from a
single exponential time course was often subtle. It
appeared as an initial period of rapid decay (tl) and
as a residual tail component (2). The pattern of this
deviation can be seen by inspection of the records in
Figure 2. In all of these examples a computer gener-
ated exponential is superimposed on the averaged
e.p.s.c. decay phase. The time constant of this expo-
nential was derived from a 1n current versus time plot
determined between the vertical cursor lines and
shown above each record. In examples (c) and (d) the
current trace deviated noticeably at the initial phase
and tail component of the current decay time course.
The percentage of cells with e.p.s.c. decays better
fitted with two exponential components increased
with increasing concentrations of barium. For those
cells voltage-clamped to -50 mV and exposed to
1.8 mM calcium Ringer solution containing either 2, 4
or 8 mM barium, the percentage of cells requiring two
components for adequate fitting was 50, 75 and
100%, respectively. The two exponential component
decay time constants were similar for cells treated
with 2 or 4 mM barium, but were considerably greater
in 8 mm barium-treated cells. These values are sum-
marized in Table 1.
The increase of e.p.s.c. duration was more pro-

nounced at hyperpolarized values of membrane po-
tential. For cells voltage-clamped to -90 mV the %
increase in duration over the control cell e.p.s.c. was
33, 43 and 75% for cells exposed to 2, 4 or 8 mM
barium. The percentage of cells which exhibited a
complex decay also increased with hyperpolariza-
tion. Consequently, the percentage of cells voltage-
clamped to -90mV which exhibited a complex
decay was 75, 100 and 100% in the presence of 2, 4
or 8 mm barium, respectively. This influence of
hyperpolarization on e.p.s.c. decay time course for a
control cell and a barium-treated (8 mM) cell is
shown in Figure 3. For the control cell, the e.p.s.c.
duration is increased slightly with hyperpolarization.
In contrast, the duration of the e.p.s.c. from the
barium-treated cell was obviously more prolonged
with hyperpolarization and the deviation from a sing-
le exponential decay accentuated at the more nega-
tive membrane potential. An illustration of the more
adequate fit of the e.p.s.c. decay in barium-treated
cells as the sum of two exponential components is
shown in panel B3. The e.p.s.c. shown in panel B2 is
fitted in panel B3 as the sum of two exponential

components having time constants of 6.0 and
21.3 ms. The computer-generated two component
exponential function superimposed on the actual cur-
rent clearly provides a good fit to the decay phase.
For the eight control cells the decay time constant

(T) showed a negative dependence on voltage in the
range of -30 to -90 mV (MacDermott et al., 1980;
Connor et al., 1983). As shown previously, the T
versus voltage relationship could be adequately fitted
by the expression:

T(V) = a exp (AV)

where a and A are constants. The average value of
the voltage-sensitive coefficient A for eight control
cells was -0.0027±0.0003mV-1 (21-23°C). The
voltage dependence of the two decay components
was quantitated in ten cells exposed to 8 mM barium.
In these cells both T1 and T2 increased with hyper-
polarization; the coefficient of voltage dependence
for T1 being -0.0049 ± 0.0011 and for T2 being
- 0.0086 ± 0.0022.
The alteration in e.p.s.c. decay by barium treat-

ment was reversible. The characteristics of e.p.s.cs
recorded from cells during the recovery period
gradually returned close to those obtained from cells
before barium treatment. Results from one of these
experiments are presented in Figure 4. Record (a)
shows an e.p.s.c. recorded at -50 mV from a control
cell. Record (b) was obtained at -50 mV from
another cell maintained in a 4 mM barium containing
solution for 53 min. Record (c) shows an e.p.s.c.
obtained from a third cell 165 min after this prepara-
tion was returned back to the barium-free Ringer
solution. For this preparation the mean e.p.s.c. peak
size and decay t for four control cells voltage-
clamped to -50mV was -3.3± 0.3 nA and
8.0 ± 0.5ms. The values for e.p.s.c. size and T re-
corded at -50 mV from four other cells which were
first exposed to 4 mM barium for 60 min and then
collected during a 16-212 min wash period were
- 4.0 ± 0.6 nA and 7.8 ± 0.6ms.

M.e.p.s.cs are also prolonged in barium-treated
ganglia

In separate experiments we compared the time
courses of m.e.p.s.cs and e.p.s.cs recorded in barium-
treated preparations. Even though the frequency of
m.e.p.s.cs is normally low in ganglia (Blackman et al.,
1963), the m.e.p.s.c. frequency can be increased
transiently by a brief period of repetitive pregang-
lionic stimulation. This post-stimulation facilitation
of m.e.p.s.c. release is greatly enhanced in barium-
treated preparations (McLachlan, 1977; Silinsky,
1977). Consequently, we recorded e.p.s.cs and
m.e.p.s.cs from 4 and 8 mM barium-treated cells after
a 1Os period of preganglionic stimulation of 15 Hz.
For these experiments the cells were voltage-
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Flgure 3 Averaged e.p.s.cs from two different cells which illustrate the voltage dependence of the alteration in the
e.p.s.c. decay time course by barium. (a) Averaged e.p.s.cs obtained at -50 mV (a1) or -90 mV (a2) in a control cell.
(b) Averaged e.p.s.cs obtained in another cell from the same preparation during exposure to 8 mm barium at
- 50 mV (b1) or -90 mV (b2). The control cell e.p.s.c. decay remained well fit by the computer generated single
exponential function superimposed on decay phase of the current at both voltages. The e.p.s.c. decay in this
barium-treated cell voltage-clamped to - 50 mV deviated only slightly from the superimposed exponential function.
However, the prolongation of the e.p.s.c. and deviation from a single exponential was more marked when the cell was
voltage clamped to -90 mV. The decay phase of the e.p.s.c. in (b2) is fitted in (b3) as the sum of two exponential
components. The decay phase of the current was fit with a computer generated two component exponential function.
The superimposed function had two decay component time constants of 6.0 and 21.3 ms. The vertical calibration
equals 5 nA in (a,, a2 and bl); 10 nA in (b2); and 7 nA in (b3). The horizontal calibration equals 10 ms in (al, a2, bl
and b2) and 14 ms in (b3).

clamped to -50 mV during the initial period of
tetanic stimulation and then quickly taken to
- 120 mV to record m.e.p.s.cs and e.p.s.cs (at 0.4 Hz
stimulation). Unfortunately, in the control prepara-
tions voltage-clamped to - 120 mV the m.e.p.s.cs
were still not of sufficient size to be distinguished
accurately from the baseline noise. In many of the
barium-treated preparations, individual m.e.p.s.cs
could be readily discerned from the baseline noise. In
all of these experiments we found that the time
course of the spontaneous m.e.p.s.cs was prolonged

to an extent very close to that of e.p.s.cs recorded at
the same voltage from the barium-treated cells. Ex-
amples of records from one of these experiments are
shown in Figure 5. Example (a) is an averaged e.p.s.c.
recorded from a control cell voltage-clamped to
- 120 mV. Records (b1) and (cl) are averaged
e.p.s.cs recorded at - 120 mV in two other cells
exposed to a Ringer solution containing 4 mM
barium. Records (b2) and (c2) are averaged m.e.p.s.cs
recorded from these same two cells just before col-
lecting the e.p.s.cs. The amplitude of the averaged

-
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Fgure 4 The alteration in e.p.s.c. decay time course by
barium was reversible. (a) An averaged e.p.s.c. in a

control cell voltage-clamped to -50 mV. (b) An aver-

aged e.p.s.c. recorded from another cell maintained in
4 mM for 53 min and voltage-clamped to -50 mV. (c)
An averaged e.p.s.c. recorded at - 50 mV from a third
cell in the same ganglion preparation after 165 min of
recovery in the control Ringer solution. Vertical calibra-
tion equals 5 nA in traces (a and c) and 10 nA in record
(b). The horizontal calibration equals 10 ms.

m.e.p.s.cs even at -120mV was too small to accu-

rately fit the decay time course. Therefore, we used
the half decay time to compare the duration of
e.p.s.cs and m.e.p.s.cs recorded in the same cells. For
the examples shown in Figure 5, the half-decay time
for the e.p.s.c. was 9 ms in (b) and 13 ms in (c) and the
half-decay time of the m.e.p.s.c. was 9 ms in (b) and
12 ms in (c).

In other experiments we investigated the influence
of 8 mM barium on the duration of m.e.p.s.cs re-

corded in potassium-stimulated cells. For these ex-
periments the ganglion cells were maintained in a
solution containing an elevated potassium chloride
solution (15 mM). M.e.p.s.cs were recorded from dif-
ferent cells voltage-clamped to - 100 mV before and
during exposure to 8 mM barium. From simple in-
spection of the current traces, it was apparent that the
m.e.p.s.c. size was bigger and duration longer in the
barium-treated cells than those recorded from the
untreated cells. However, quantitation of this differ-
ence was difficult because in many control cells most
of the m.e.p.s.cs were too small to analyse accurately
the decay time course. In addition, even in the pres-
ence of an elevated potassium concentration their
frequency was very variable (McIsaac, 1971). Furth-
er, it was much more difficult to voltage-clamp the
control cells (in high K+) for the time required to
collect m.e.p.s.cs than those cells maintained in the
high potassium solution containing barium. In spite
of these difficulties, m.e.p.s.c. decay was determined
for the largest events obtained in eight control cells
from three different ganglion preparations. The aver-
age decay time constant was 7.2 ± 0.6 ms. In 14 other
cells from these same three ganglia exposed to 8 mM
barium the m.e.p.s.c. decay phase was markedly
longer. For comparison, the decay phase was fitted as
a single exponential; the average value of T being
13.7 ± 1.0 ms. However, for many of the largest
m.e.p.s.cs in the barium-treated cells, the decay was
not exponential; an observation similar to that ob-
served with m.e.p.s.cs recorded in the barium-treated
cells following repetitive preganglionic stimulation.
Examples of currents recorded from a control cell
and from another cell following exposure to 8 mM
barium are presented in Figure 6.

A voltage-dependent potentiation ofpeak e.p.s.c.
amplitude occurs in barium-treated cells

The peak e.p.s.c.-voltage relation of control cells
increased linearly with hyperpolarization in the vol-
tage range between -20 and - 100 mV (Kuba &
Nishi, 1979; MacDermott etal., 1980; Connor etal.,
1983). In most of the barium-treated cells, the peak
e.p.s.c.-voltage plot became progressively non-linear
with hyperpolarization. This non-linearity, which
was particularly marked in preparations exposed to
8 mm barium, is illustrated in Figure 7. This figure
shows the peak e.p.s.c.-voltage plot for a control cell
and another cell from the same preparation exposed
to 8 mM barium. As illustrated in this example, there
was a marked progressive increase in peak current
amplitude in barium-treated cells as the membrane
potential was increased from -50 to - 100 mV.
The data in Figure 8 summarize the voltage-

dependent potentiation of e.p.s.c. amplitudes by
barium recorded in different cells voltage-clamped to

.......................
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Flgure 5 Both e.p.s.cs and m.e.p.s.cs exhibit a prolonged decay time course in barium-treated preparations. (a) An
averaged e.p.s.c. recorded at - 120 mV in a control cell. (b1 and cl) Averaged e.p.s.cs from two different cells in the
same ganglion exposed to 4mM barium and voltage-clamped to - 120 mV. (b2 and c2) Averaged m.e.p.s.cs recorded
at - 120 mV in these same two barium-treated cells. Both the e.p.s.c. and m.e.p.s.c. decay is slower in the
barium-treated cells than that of the control e.p.s.c. The vertical calibration equals 5 nA in (a), 10 nA in (bh and cl)
and 1.0 nA in (b2 and c2). The horizontal calibration equals 10 ms.

-50 mV and -90 mV. When cells were voltage-
clamped to -50 mV, the amplitude of the e.p.s.c. was
not markedly changed by the addition of barium
(2-8 mM). In contrast, when these same cells were
voltage-clamped to -90 mV, the e.p.s.c. amplitude
increased dramatically as a function of the barium
concentration.
The e.p.s.c. reversal potential determined by inter-

a1

a,~~~~~

a2

a3

polation was shifted to a more negative value in the
barium-treated cells. The reversal potential (Er) for a
group of 12 untreated cells was -6.3 ± 1.6 mV
whereas in three cells exposed to 4mM barium the
average Er was - 11.8 ± 1.0 mV and for five other
cells exposed to 8 mM barium the Er value was
- 1 1.4 2.1 mV.

b1

b2
..........

b3
AOI ...............

FIure 6 Influence of barium on m.e.p.s.cs recorded from potassium-stimulated (15 mM potassium) ganglia. (a)
Current traces obtained from a control cell voltage-clamped to - 100 mV. (b) M.e.p.s.cs recorded from another cell
also voltage-clamped to - 100 mV and exposed to 8 mM barium for 23 min. In both (a) and (b), traces (1 and 2) show
single m.e.p.s.cs and (3) is an averaged m.e.p.s.c. (11 events in a3 and 9 events in b3). The vertical calibration equals
0.35 nA and the horizontal calibration equals 12 ms.
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FIguwe 7 The peak e.p.s.c. amplitude-voltage relation
for a control cell (0) and another cell from the same
ganglion exposed to 8 mm barium (M).
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FIure 8 The influence of barium concentration on
e.p.s.c. amplitude in cells voltage-clamped to -50 mV
(O ) and -90 mV (A). Each point is the mean of results
from at least five cells; vertical lines show s.e.mean.

Table 2 Influence of barium on charge movement during the e.p.s.c.

Charge moved
at -SOmV
(P coul)

- 30.6 ± 4.7
-31.7 ±4.3
- 32.3 ±6.0
- 74.9± 17.0

Charge moved
at - 9OmV
(P coul)

- 52.4±6.7
- 85.4± 9.7

- 137.7 ± 32.5
- 257.2 ±41.7

Ratio of charge
at - 90/-50mV

1.7
2.2
4.3
3.4

Number ofcells

7
5
5

10

Total charge moved during the e.p.s.c. was

voltage-dependent in barium-treated cells

The amount of charge transferred during the e.p.s.c.
was determined by computerized graphical integra-
tion in cells voltage-clamped to both - 50 and
-90 mV. At -50 mV total charge moved was similar
for control cells and cells exposed to either 2 or 4 mM
barium. However, there was a greater total charge
movement during e.p.s.cs recorded in cells voltage-
clamped to -50 mV and exposed to 8 mm barium. At
- 90 mV, there was a progressively greater average
charge movement for cells exposed to increasing
barium concentrations. These observations are sum-

marized in Table 2.

Discussion

The results of this study demonstrate that the gang-
lionic nicotinic fast e.p.s.c. is altered by barium treat-

ment. We suggest that all of the observed changes in
e.p.s.c. characteristics can be attributed to a direct
postsynaptic effect of barium. First of all, the obser-
vation that both m.e.p.s.cs and e.p.s.cs recorded in
barium-treated cells were prolonged (Figures 5 and
6) indicates that the alteration of e.p.s.c. decay by
barium is not due to an alteration in the kinetics of
phasic transmitter release. Secondly, the voltage-
dependent nature of the barium-induced change in
peak e.p.s.c. amplitude (Figure 8) and total charge
movement (Table 2) is more consistent with a post-
synaptic rather than presynaptic site of action.

Previously, McLachlin (1977) showed for mam-
malian ganglia that barium failed to exert either a

partial agonist or antagonist action on phasic trans-
mitter release. Given that the duration of the action
potential in the presynaptic nerve terminal would be
expected to increase following prolonged exposure to
barium (see Figure 1), one might anticipate that the
kinetics of transmitter release might also be altered.
In the present study, we have not directly estimated

Barium conc.
(mM)

0
2
4
8

| l * S l w
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quantal content such as from a determination of
mean e.p.s.c. amplitude/mean m.e.p.s.c. amplitude
before and during barium treatment. In the ganglion
preparation the frequency of m.e.p.s.cs is very low
and their amplitude is too small even at hyperpolar-
ized membrane voltages to obtain an accurate esti-
mate of size (Connor & Parsons, 1983b). Conse-
quently, we cannot exclude the possibility in amphi-
bian ganglia that there is some alteration in the
kinetics of phasic release during prolonged barium
treatment. However, in the present study there was
no consistent increase in e.p.s.c. size in the presence
of barium when the cells were voltage-clamped to
- 50 mV. Further, other recent observations ob-
tained with the presynaptic potentiating drug, 4-
aminopyridine (4-AP) (Thesleff, 1980) suggest that
any small change in transmitter release kinetics which
might occur in the barium-treated cells would not be
responsible for the barium-induced prolongation of
the e.p.s.c. With 4-AP, the e.p.s.c. size was signific-
antly increased without a change in e.p.s.c. duration
comparable to that occurring in barium. For instance,
in 13 control cells voltage-clamped to -90 mV, the
peak e.p.s.c. size and T was - 4.1 ± 0.4 nA and
5.2+0.1 ms, whereas in seven other cells also
voltage-clamped to -90 mV and exposed to 10 gLM
4-AP, the e.p.s.c. size and decay T were
-22.2±2.6nA and 5.9±0.3ms. We conclude
therefore that the prolongation of e.p.s.c. decay by
barium cannot be attributed to an alteration in the
kinetics of transmitter release.
Although we have not demonstrated directly that

some of the alterations in e.p.s.c. decay characteris-
tics in barium were not due to partial cholinesterase
inhibition, we consider it unlikely that this is a prim-
ary mechanism of action. To our knowledge there is
no report in the literature of an anticholinesterase
action of barium.
Barium is a potent blocker of most potassium

channels (Sperelakis et al., 1967; Standen & Stan-
field, 1978; Armstrong & Taylor, 1980; Adams etal.,
1982). As shown in Figure 1, the action potential
duration was markedly increased in barium-treated
ganglion cells. Further, cells were depolarized in
barium and generally required less holding current to
be voltage-clamped over the range of membrane
potentials studied. However, we suggest that the
alteration in e.p.s.c. characteristics in barium-treated
preparations is not due to any of its already well
established pharmacological actions. The e.p.s.c. alt-
eration in barium increased with hyperpolarization
and was more pronounced at voltages between - 80
and- 100 mV; i.e., membrane potentials close to the
potassium equilibrium potential, than at -50 mV.
Consequently, we suggest that barium directly alters
the kinetics of nicotinic receptor-channel gating in
sympathetic ganglion cells rather than indirectly in-

fluencing e.p.s.c. characteristics through an altera-
tion of the non-synaptic membrane conductance.
The molecular mechanism(s) by which barium al-

ters ganglionic e.p.s.c. characteristics is not clear at
present. However, the strong voltage-dependence
suggests that the site of action may be within the
synaptic channel. Although not demonstrated as
completely in the case of ganglion cells, it is well
known that endplate channels are quite permeable
to many divalent cations (Adams et al., 1980). Furth-
ermore, Adams et al. (1980) have presented evi-
dence which suggests that divalent cations may in-
teract with chemical groups within endplate chan-
nels. The pattern of complex decay of e.p.s.cs re-
corded in barium-treated cells is not similar to that
observed with e.p.s.cs recorded from either atropine-
or procaine-treated ganglion preparations (Connor
& Parsons, 1983a; Connor etal., 1983). Consequent-
ly, we suggest that a simple open channel block type
mechanism by itself is not sufficient to explain the
complex e.p.s.c. decay in barium-treated cells
(Adams, 1976; Ruff, 1977; 1982). There have been a
number of previous studies which demonstrate that
miniature endplate current characteristics as well as
mean channel lifetime and single channel conduc-
tance of endplate channels are influenced by the
addition of many different divalent cations (Breges-
tovski et al., 1979; Lewis, 1979; Magleby & Weins-
tock, 1980; Miledi & Parker, 1980; Takeda et al.,
1982). However, to our knowledge there has been no
report, at the motor endplate, of a voltage-
dependent potentiation of peak amplitude similar to
that produced by barium nor any mention of a com-
plex pattern of decay such as observed with barium-
treated ganglion cells. In preliminary experiments on
snake twitch muscle fibres, neither miniature end-
plate current decay nor the m.e.p.c.-voltage relation-
ship (between -60 to - 140 mV) was consistently
changed by exposure to 4mm barium (Neel & Par-
sons, unpublished observations). These preliminary
observations suggest that these barium-induced alt-
erations observed in ganglion cells may not occur at
the motor endplate; thus supporting the view that
some of the basic biophysical and pharmacological
characteristics of the nicotinic receptor-channel com-
plex differ in the two preparations.
Kuba & Nishi (1979) showed previously that gang-

lionic e.p.s.c. decay also is slowed by raising calcium.
We have observed that e.p.s.c. decay is slowed and
often complex in preparations maintained in either
elevated calcium (7.2 mM) or strontium (8 mM).
However, the peak e.p.s.c. amplitude-voltage rela-
tionship remains linear between -20 to - 100 mV in
these calcium or strontium-treated cells (Connor &
Parsons, 1981). Therefore, the voltage-dependent
increase in e.p.s.c. amplitude and charge movement
appears to be unique to barium-treated ganglion



POSTSYNAPTIC ACTION OF BARIUM 41

preparations. This suggests that the different altera-
tions in ganglionic e.p.s.c. characteristics by barium
may not be due to a single action, but rather may
reflect the summed effect of more than one interven-
tion. We speculate, therefore, that in the barium-
treated ganglion cells both the single channel conduc-
tance and mean channel open time may be altered via
some voltage-dependent mechanism(s).

Recently, Schwindt & Crill (1980) observed that
excitatory postsynaptic potentials (e.p.s.ps) were
prolonged and increased in amplitude in barium-
treated motoneurones; an effect suggested to be due
to an enhancement of transmitter release from affer-
ent terminals. However, barium does not appear to
influence evoked transmitter release from
motoneurone terminals and preganglionic fibres
(Miledi, 1966; Silinski, 1977; McLachlan, 1977).

Consequently, we suggest as an alternative explana-
tion that a postsynaptic action may be responsible for
the potentiation of e.p.s.ps recorded in barium-
treated motoneurones. The synaptic potential is de-
pendent on both the amplitude and duration of the
synaptic current so that an alteration in the e.p.s.c.
similar to that produced by barium in ganglion cells
would be expected to increase the amplitude and
duration of the excitatory postsynaptic potential.
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