Diphasic Postsynaptic Potential: A Chemical Synapse
Capable of Mediating Conjoint Excitation and Inhibition

Abstract. Two identified interneurons in each buccal ganglion of Aplysia can
mediate conjoined excitation and inhibition to a single follower cell. A single
presynaptic action potential in one of these interneurons produces a diphasic,
depolarizing-hyperpolarizing synaptic potential apparently as a result of a single
transmitter acting on two types of postsynaptic receptors in the follower cell.
These receptors produce synaptic potentials with differing reversal potentials, ionic
conductances, time courses, rates of decrement with repetition, pharmacological
properties, and functional consequences. The excitatory receptor controls a sodium
conductance, the inhibitory receptor controls a chloride conductance. Both com-
ponents of the synaptic potentials can be produced by iontophoretic application
of acetylcholine on the cell body of the follower cell, and each component is
differentially sensitive to different cholinergic blocking agents.

Four identified, presumably cholin-
-ergic interneurons in the buccal ganglia
of Aplysia each mediate both excitatory
and inhibitory synaptic actions to dif-
ferent follower cells (/). We now re-
port that these cells also mediate a
novel type of dual chemical synaptic
action to a single follower cell. A single
action potential in one of these neurons
produces a diphasic, depolarizing-hyper-
polarizing, synaptic potential in the
postsynaptic cell by the concomitant
activation of excitatory and inhibitory
receptors. The properties of the recep-
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tors and those of the receptors previous-
ly described for a dual synapse in the
abdominal ganglion of Aplysia (2, 3)
indicate that similar excitatory and in-
hibitory receptor components can be
combined in functionally different ways
because of differences in their kinetics
of activation and desensitization.

Each of the two symmetrical buccal

ganglia of Aplysia contains two inter-
neurons, BL, and BL; (left buccal gan-
glion) or BR,; and BRj (right buccal
ganglion), which mediate identical ac-
tions to a common, ipsilateral, follower
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cell population (Z). Each interneuron
mediates direct hyperpolarizing postsyn-
aptic potentials (PSP’s) to six identified
follower cells (BL;, BL,;, BLg, BL,,
BL,,, BL,; or BR; BR; BRg BR,,
BR;), BRy;) and depolarizing PSP’s to
two other identified follower cells (BL,,
BL,; or BR;, BRy3) in each ganglion.

The hyperpolarizing PSP’s in all six
inhibitory follower cells are similar and
behave as a single-component inhibitory
postsynaptic potential (IPSP). When the
membrane potential was decreased (de-
polarized) the IPSP became larger. When
the membrane potential was increased
(hyperpolarized) (Fig. 1A) the IPSP be-
came progressively smaller and at a
mean membrane potential (n = 25) of
—74 =8 mv S.D. (14 mv hyperpolar-
ized from an average resting potential
of —60 mv) the IPSP was nullified.
Further hyperpolarization caused the
IPSP to invert to a depolarizing PSP
(Fig. 1A). The IPSP has a Cl— conduct-
ance component. When Cl— was re-
placed by propionate, an impermeant

-anion, the IPSP inverted to a depolar-

izing potential at the resting membrane
potential (Fig. 2, B1 and B2).

The depolarizing PSP in one of the
two types of excitatory follower cells

Fig. 1. Three types of synaptic actions
produced by a single interneuron in three
different follower cells in the buccal gan-
glia. (A) The IPSP’s produced in cell
BRs (upper traces) by action potentials
in interneuron BR. (lower traces). The
0 mv represents resting membrane poten-
tial (absolute value, —63 mv). (B) The
EPSP’s in cell BRy; (upper traces) pro-
duced by action potentials in interneuron
BR: (lower traces). The 0 mv represents
resting membrane potential (absolute
value, —52 mv). (C) Two-component
PSP’s produced in cell BR; (upper traces)
produced by an action potential in in-
terneuron BR: (lower traces). The 0 mv
represents resting membrane potential
(absolute value, —45 mv). As the mem-
brane potential is progressively depolarized
from the resting membrane potential,
the presence of a second hyperpolarizing
component becomes evident. This synap-
tic component is usually small or masked
at the resting membrane potential. In
(A), (B), and (C), the ganglia were
bathed in seawater containing 60 mM Ca?.
Positive numbers are millivolts de-
polarized, negative numbers are millivolts
hyperpolarized from the resting membrane
potential.
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(BL,; and BR,;) also behaved as a sin-
" gle-component PSP (Fig. 1B). When the
membrane was depolarized the excita-
tory postsynaptic potential (EPSP) be-
came smaller. The extrapolated mean
reversal potential was —14 =4 mv (n
=3). This PSP involved an increased
conductance to Na+ and was reduced
or abolished in low Na+ seawater. How-
ever, in the other type of excitatory
follower cell (BL; and BR;), the ap-
parently depolarizing PSP proved to be
diphasic (Fig. 1C). Changing the mem-
brane potential revealed that this synap-
tic potential consisted of two different
components that could be distinguished
by their reversal potentials, pharmaco-

logical properties, and ionic mechanisms..

Near the resting membrane potential,
the PSP in this follower cell often re-
sembled an elementary, one-component
EPSP (Fig. 1C). However, as the mem-
brane potential was reduced, a late in-
hibitory component, which was small or

Fig. 2. Pharmacological properties and
ionic mechanisms of the two components
of the dual synaptic potential. (A) Differ-
ential sensitivity of the two synaptic com-
ponents to cholinergic blocking agents. In
all three parts of this figure the membrane
potential of follower cell BL; was main-
tained at 20 mv depolarized from the rest-
ing membrane potential. (A1) In normal
seawater an action potential in BL, (lower
trace) produces a diphasic conjoint PSP
in BL: (upper trace). (A2) With the gan-
glia bathed in seawater containing hexame-
thonium (10™* g/ml), the depolarizing
component of the dual PSP is reversibly
blocked and an action potential in BL,
produces only a hyperpolarizing response
in BL:.. The ganglia were perfused with
control seawater solutions to wash out
the hexamethonium and then bathed in
seawater containing d-tubocurarine (7.5
% 107 g/ml) (A3). In seawater contain-
ing this concentration of d-tubocurarine
(see B3) the hyperpolarizing synaptic
component was reversibly blocked and an
action potential in BL. produced a de-
polarizing PSP in BL.. (B) Comparison
of the two components of the dual synap-
tic potential in cell BL; to the purely
hyperpolarizing synaptic potential in BL.
Simultaneous intracellular recordings from
interneuron BL, (lower traces) and two
of its follower cells, BL; (upper traces)

absent at the resting membrane poten-
tial, became evident. The mean extrap-
olated reversal potential (» = 5) for the
first component was —10 = 7.3 mv (re-
sembling the elementary EPSP in BL,3),
whereas the mean reversal potential
(n = 10) of the second component was
—63 = 6.4 mv [resembling the elemen-
tary IPSP in BLg, see (4)]. The thresh-
old for firing of cells BL; and BR; is
about —40 mv. As a result the first
component is excitatory, whereas the
second component is inhibitory. The
two actions appear to result from a
direct connection. Presynaptic action
potentials produced both PSP’s in the
follower cell with a constant and short
latency at high frequencies of firing
even in high Ca2+ seawater solutions
that would tend to prevent the firing of
an intercalated interneuron.

Each of the two components could be
selectively blocked by different cholin-
ergic blocking agents (5). Hexamethoni-
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and BL; (middle traces). Action potentials in BL, were used to trigger the oscilloscope
sweep, and several sweeps were superimposed. In all three parts of this figure, cell
BL; was depolarized by approximately 20 mv, whereas BL, was kept at its resting
membrane potential. (B:). In normal seawater an action potential in cell BL, produced
a characteristic diphasic synaptic potential in BL.. (B2). Substituting. propionate for
Cl- in the seawater bathing medium produced an inversion of both the second hyper-
polarizing synaptic component in BL: and the elementary hyperpolarizing IPSP in

BL; to a depolarizing synaptic potential.
concentration of d-tubocurarine

(B3) Seawater solutions containing a high
(5 x 10

g/ml) abolished nonselectively both

synaptic components of the BL: PSP as well as the IPSP in BL: (see A3). A
small brief residual coupling sometimes remained after treatment with d-tubocurarine.
This potential was due to variable amounts of electrotonic coupling between the in-

terneuron and its various follower cells.
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All solutions contained 60 mM Ca*.

um (10— g/ml), which blocks the ele-
mentary EPSP in the purely excitatory
follower cells but does not affect the
elementary IPSP in the purely inhibi-
tory follower cells, also blocked the ex-
citatory component in BL; and BR;
without significantly affecting the inhibi-
tory component (Fig. 2, Al and A2).
Curare (d-tubocurarine) (5 X 10—5 g/
ml) preferentially reduced the hyper-
polarizing component in BL; and BRy,
often leaving the depolarizing compo-
nent relatively unaffected (Fig. 2, A3).
Slightly higher concentrations of curare
(2.5 X 10—* g/ml) blocked both com-
ponents in the dual follower cell, as
well as the elementary IPSP and EPSP
in BL; and BL,; (Fig. 2, B3). Selective
blockade of one or the other of the two
synaptic components revealed that the
isolated EPSP (Fig. 2, A3) peaked ear-
lier and decayed faster than the isolated
IPSP (Fig. 2, A2). This difference in
time course of the two components ac-
counts for the diphasic configuration of
the dual synaptic potential.

The synapse-free cell body of BL;
and BR; contains receptors to chemical
transmitters, the properties of which re-
semble those of the receptors found in
the synaptic region of the neuron [see
also (I-3, 5)]. The cells responded to
iontophoretic applications of acetylcho-
line (ACh) with diphasic, depolarizing-
hyperpolarizing, or, more frequent-
ly, hyperpolarizing-depolarizing respons-
es that resembled the PSP’s produced in
these cells by presynaptic action poten-
tials (Fig. 3, Al). In some experiments
we obtained either a depolarizing-hyper-
polarizing or a hyperpolarizing-depolar-
izing sequence by moving the electrode
from one position on the cell body to
another (Fig. 3, Alb and Alc). The
variability in the sequence of the com-
ponents may represent a differential dis-
tribution of the two types of receptors
in different parts of the soma membrane
(6). The two components of the ACh
response persisted in high Mg2+ solu-
tion (six times normal) that blocks
chemical transmission in A4 plysia (3), in-
dicating that both components were pro-
duced by ACh acting directly on the
follower cell and not by way of other
neurons (7).

The components of the ACh response
resembled the corresponding compo-
nents of the synaptic potential in their
reversal potential (Fig. 3, A2) (8), sensi-
tivity to cholinergic blocking agents,
and response to changes in ionic con-
centrations (Fig. 3, A3). The depolar-
izing component of the ACh response
was reduced by replacing Nat in the
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seawater bathing solution with tristhy-
droxymethyl)aminomethane and the hy-
perpolarizing component of the ACh
response was inverted by replacing ex-
ternal Cl— with propionate (Fig. 3, A3).

The two components of the dual syn-
apse also differed in their response to
repeated presynaptic stimulation. Al-
though both components decreased with
repeated stimulation, the decrease was
_greater for the hyperpolarizing compo-
nent (Fig. 3, B1). This preferential de-

crease in inhibitory synaptic efficacy
appears to be due to a preferential de-
sensitization of the inhibitory receptor.
A similar decrease in the inhibitory
component was noted when responses
to consecutive iontophoretic ACh pulses
were examined (Fig. 3, B2). The first
ACh pulse produced a diphasic re-
sponse, but a second pulse applied with-
in the next several seconds produced
only a pure depolarizing response. These

changes in response amplitude were not
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associated with changes in membrane
potential. Moreover, the rate of decre-
ment for the hyperpolarizing compo-
nent was the same whether or not the
depolarizing component of the PSP or
the ACh response was blocked with
hexamethonium. Thus here, as in the
dual abdominal ganglion synapse (3),
receptor desensitization (9) may serve a
physiological role in regulating synaptic
function.

It is interesting to compare -our re-

Fig. 3. (A) Comparison of diphasic syn-
aptic potential and ACh responses in
cell BL,. (A1) and (A2) were obtained
in the same experiment; cell BL, de-
polarized 20 mv above the resting mem-
brane potential. (Ala) Simultaneous in-
tracellular recordings showing conjoint
diphasic depolarizing-hyperpolarizing PSP
produced in BL; (upper trace) by a spike
in interneuron BL, (lower trace). (Alb)
Diphasic depolarizing-hyperpolarizing ACh
response produced in the same cell by
iontophoretic application of ACh (moni-
tored on lower trace). (Alc) By alter-

~ ing the position, pressure, and pulse param-

eters of the ACh electrode, the response
changed from depolarizing-hyperpolarizing
to hyperpolarizing-depolarizing. Ganglia
were bathed in solutions containing 60
mM Ca*. (A2) Comparisons of the dual
synaptic potential and depolarizing-hyper-
polarizing ACh responses in cell BL; at
different membrane potentials. Same ex-
periment as in (A). (PSP) Simultaneous
intracellular recordings of dual PSP pro-
duced in BL: (upper traces) by spikes in
interneuron BL, (lower traces) at different
membrane potentials. (ACh) Response
produced in BL; by iontophoretic appli-
cation of ACh. Iontophoretic current
magnitude and duration shown on low-
est trace. The O represents resting mem-
brane potential (absolute value, —58 mv).
Note that the second component of both
the PSP and the ACh response is promi-
nent at 40 mv above the resting mem-
brane potential, is reduced and largely
nullified at the resting membrane poten-
tial, and is inverted at 40 mv below the
resting membrane potential. (A3) Ionic
mechanisms of the diphasic ACh response
in BR.. In each case, constant current
and duration iontophoretic pulses of ACh
were delivered to the cell body of BR:.
Upper trace, seawater. Middle trace, in
Na-free seawater the depolarizing com-
ponent was abolished and the ACh pulse
produced a purely - hyperpolarizing re-
sponse. Lower trace, in Cl-free water, the
hyperpolarizing component inverted, pro-
ducing a purely depolarizing response
(see also Fig. 2, B2). Cell BR,; de-

polarized 20 mv above resting level. (B) Frequency sensitive decrease of the diphasic postsynaptic potential and ACh responses
in follower cell BL.. (Bl) Simultaneous recordings from interneuron BL. and follower cell BL:. Repetitive firing of BL, causes
a decrement of the amplitude of both components of the dual PSP, but the hyperpolarizing component decreased more than did
the depolarizing component. (B2) Desensitization of the dual follower cell response to ACh. Intracellular recordings from dual
follower cell BL: (upper traces). The lower traces monitor iontophoretic current magnitude and duration. Three identical pulses
of ACh were applied iontophoretically onto the cell body of the dual follower. The first two pulses were spaced 10 seconds
apart, whereas the second and third pulses were separated by 1 minute. With BL, depolarized, the first pulse produces a diphasic
hyperpolarizing-depolarizing response. The second pulse yields only a depolarization,. A 1-minute rest restored the diphasic re-

sponse. In both (B1) and (B2) the follower cell was depolarized 15 mv above the resting membrane potential to show both
components of the dual synaptic response.
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sults on multiaction cells in the buccal
ganglia to those obtained on cell L10,
a multiactioned cholinergic neuron in
the abdominal ganglion of Aplysia (2,
3). In both ganglia a single presynaptic
neuron can act on inhibitory and excita-
tory receptors in different follower cells
to produce opposite synaptic actions. In
addition, some follower cells in each
ganglion have both types of receptors to
ACh so that the presynaptic cell can
mediate opposite synaptic actions to a
single follower cell. In the dual follower
cell of the abdominal ganglion the two
types of receptors have different kinetic
properties so that an action potential
in the presynaptic cell produces depolar-
izing PSP’s at low rates of firing and
hyperpolarizing PSP’s at high rates of
firing (3). The excitatory receptors have
a low threshold for activation but are
desensitized at high rates of stimula-
tion; the inhibitory receptors have a
higher threshold for activation and their
action becomes most apparent at high
rates of stimulation. By contrast, in the
dual follower cells of the buccal gang-
lia the two receptor types have similar
thresholds to ACh so that a single pre-
synaptic action potential activates both
sets of postsynaptic receptors concomi-
tantly, producing a diphasic PSP. As a
result of these differences, the sign of
the abdominal ganglion dual synapse is
frequency dependent, excitatory at low
frequencies and inhibitory at high fre-
quencies, whereas the sign of the buccal
ganglion dual synapse is dependent on
membrane potential as well as {fre-
quency. The buccal ganglion dual syn-
apse tends to be primarily excitatory
near the resting membrane potential
and to become progressively more in-
hibitory as the membrane is depolar-
ized, by other inputs or by injected
current, and the threshold is raised by
accommodation. The buccal ganglion
synapse is also sensitive to the fre-
quency of firing of the presynaptic neu-
ron. At high rates of firing both compo-
nents decrease but the second com-
ponent is more affected because the
inhibitory receptors appear to desensi-
tize more rapidly than the excitatory
receptors. It therefore appears possible
for a nervous system to employ other-
wise similar receptor components in
very different ways by varying the se-
quence of their activation and their
kinetics for desensitization.

One of the striking features to emerge
from studies of these several cholinergic
neurons in Aplysia (2, 3, 5, 10) is that
a large variety of synaptic actions can
be triggered by a single chemical trans-
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mitter compound. In principle it there-
fore appears possible to construct a
ganglionic mass or even a whole nerv-
ous system by using only one transmit-
ter substance and by simply varying the
types of receptor, the combination of
receptors, and their sequence of activa-
tion in the postsynaptic cells. That this
is not generally the case suggests that
different transmitters may be necessary
for other purposes, such as cellular
recognition or trophic maintenance of
synaptic contacts, than for providing
different types of synaptic actions.
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Cholesteric Liquid Crystal-Like Structure

~of the Cuticle of Plusiotis gloriosa

Abstract. The toroidal but parallel array of planes of unidirectionally oriented
molecules believed to characterize cholesteric liquid crystals also gives rise to
certain geometrical patterns. The reality of this structure is demonstrated by

micrographic evidence.

Michelson (/) was first to note that
the shell of the beetle Plusiotis resplen-
dens reflects circularly polarized yellow
light when white light is incident on
the shells. Later, Friedel and others
(2) noted this phenomenon in choles-
teric crystals. Shortly afterwards, Gau-
bert (3) studied the phenomenon as rep-
resented by a variety of beetles.

Robinson (4) has treated and related
the combined phenomena, as shown by
polypeptide  solutions, beetles, and
cholesteric liquid crystals, and con-
cluded that “further research into the
nature and origin of these irridescent

[beetles’] elytra would be repaying."’
More extensive optical data of Neville
and Caveney (5, 6) seem to confirm the
conclusion.

Thus the concept that cholesteric
liquid crystals effect the selective re-
flection of light of limited color is now
even more convincing as being due to
their layered structure whose periodicity
approximates the wavelength of the
band reflection maximum (for a medium
of the average refractive index of the
liquid crystal). However, the selective
reflection of this light of limited color
as circularly polarized light of a spe-
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