crobiological Associates, Inc., Bethesda, MD
20816.
18. I. K. Hariharan and J. M. Adams, EMBO J. 6, 115

(1987).

19. R. Prywes, thesis, Massachusetts Institute of Tech-
nology (1984).

20. B. Mathey-Prevot and D. Baltimore, EMBO J. 4,
1769 (1984); R. Prywes, E. Livneh, A. Ullrich, J.
Schlessinger, ibid. 5, 2179 (1986).

21. E. A. Garber, J. G. Krueger, H. Hanafusa, A. R.
Goldberg, Nature (London) 302, 161 (1983); F. R.
Cross, E. A. Garber, D. Pellman, H. Hanafusa, Mol.
Cell. Biol. 4, 1834 (1984); D. Pellman, E. A.
Garber, F. R. Cross, H. Hanafusa, Proc. Natl. Acad.
Sci. US.A. 82,1623 (1985).

22. A. Schultz and S. Oroszlan, Virolggy 133, 431
(1985); B. M. Sefton, I. S. Trowﬁridge, J. A
Cooper, Cell 31, 465 (1982).

23. A. Bernards, G. Q. Daley, D. Baltimore, unpub-
lished data.

24. S. M. Watanabe, N. E. Rosenberg, O. N. Witte, .
Viral. 51, 620 (1984).

25. E. Shtivelman, B. Lifshitz, R. P. Gale, B. A. Roe, E.
Canaani, Cell 47, 277 (1986).

26. D. K. Jackson and D. Baltimore, unpublished data.

27. C. A. Whitlock, S. F. Ziegler, L. J. Treiman, J. L.
Stafford, O. N. Witte, Cell 32, 903 (1983); C. A.
Whitlock, S. F. Zicgler, O. N. Witte, Mol. Cell. Biol.
3,596 (1983).

28. J. McLaughlin, E. Chianese, O. N. Wittc, Proc. Natl.
Acad. Sci. U.S.A., in press.

29. S. 8. Clark, J. McLaughlin, W. M. Cirist, R. Cham-
plin, O. N. Witte, Science 235, 85 (1987); R.
Kurzrock et al., Nature (London) 325, 631 (1987);
L. C. Chan et al., ibid., p. 635.

30. H. T. Abelson and L. S. Rabstein, Cancer Res. 3,
2208 (1970).

31. G. G. Wong et al., Science 228, 810 (1985).

32. P.J. Maddon et al., Cell 42, 93 (1985).

33. J. Miller and R. N. Germain, J. Exp. Med. 164, 1478
(1986).

34. R. Martinez, B. Mathey-Prevot, A. Bernards, D.
Baltimore, Science 237, 411 (1987).

35. J. B. Konopka and O. N. Witte, Mol. Cell. Biol. 5,
3116 (1985).

36. C. B. Loggio and B. B. Loggio, Blood 45, 321
(1975).

37. S. A. Latt et al., . Virol. 45, 1195 (1983).

38. We thank A. Bernards and P. K. Jackson for critical
comments on the manuscript. Supported by a Pro-
gram Project Grant (CA38497) from the National
Cancer Institute to D.B. and a Public Health Service
Grant (CA27507) to O.N.W. G.Q.D. was support-
ed by Public Health Service National Research
Service Award 2T 32 GM07753-07 from the Na-
tional Institute of General Medical Sciences.

7 April 1987; accepted 21 May 1987

Full-Wave Rectification from a Mixed Electrical-

Chemical Synapse

KATHERINE GRAUBARD AND DANIEL K. HARTLINE

Electrical and chemical synapses usually reinforce one another, but the pyloric late—to—
lateral pyloric (PL-to-LP) neuronal connections in lobster stomatogastric ganglia
create an inverted U-shaped transfer function between the two neurons: regardless of
whether the PL membrane voltage swings positive or negative, the postsynaptic LP
voltage will go negative. When the presynaptic cell voltage goes negative, the effect on
the LP voltage is due to electrical coupling. During positive presynaptic voltages, the
strong contribution of graded chemical inhibition from the PL to the LP neuron
overrides the positive electrical coupling to produce net negativity.

T CERTAIN TYPES OF SYNAPSES,

long-lasting ~ presynaptic ~ voltage

changes create equally long-lasting
postsynaptic voltage responses. Although
electrical coupling is the most familiar exam-
ple of this, chemical synapses are often capa-
ble of maintained release of neurotrans-
mitter in response to long-lasting changes in
presynaptic voltage. Neurons that do not
spike must use such graded chemical synap-
tic transmission (1), but some spiking neu-
rons use it in addition to spike-evoked trans-
mitter release (2-5). Like spike-evoked
chemical synaptic transmission, graded
chemical synaptic transmission may be excit-
atory or inhibitory.

In the stomatogastric ganglion of the
spiny lobster, Panulivus interruptus, many
neurons use a mixture of graded and spike-
evoked chemical synaptic transmission (3—
5). Of the 30 identified neurons of which
the stomatogastric ganglion is comprised,
14 are involved in the central pattern gener-
ation for the pyloric rhythm used in pro-
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cessing food from stomach to gut (6). There
are no excitatory chemical synapses in this
system (Fig. 1, A and B): only electrical
coupling and chemical inhibition are uti-
lized. In our experiments, we studied the
transfer function between lateral pyloric
(LP) and pyloric late (PL) neurons from
lobster stomatogastric ganglia. We now de-
scribe a property that emerges from a com-
bination of electrical coupling and strong
inhibitory chemical transmission: an input-
output function that is shaped like an invert-
ed U (7), not unlike the input-output func-
tion of a full-wave rectifier (for example,
y = —kixl).

The maintained effect of this mixed syn-
apse is most easily seen (Fig. 1C) when
tetrodotoxin is added to the tissue bath to
block neuronal spikes (8). When the PL
neuron is hyperpolarized with intrasomati-
cally injected current, a similar (though at-
tenuated) hyperpolarizing waveform is re-
corded in the soma of the LP neuron. This is
typical of electrical coupling (9), and with

pure clectrical coupling a depolarization of
the presynaptic neuron normally causes a
parallel postsynaptic depolarization. As
shown in trace D of Fig. 1C, however,
depolarizing the PL neuron also causes a
postsynaptic hyperpolarization. Trace D is
not as rectangular as trace H from the
hyperpolarizing stimulus; instead it has the
peak-plateau waveform that characterizes
graded chemical inhibition in the stomato-
gastric ganglion (3, 10, 11).

Exploration of a wide range of presynap-
tic stimuli of both polarities showed that the
resulting input-output curve is an inverted
U shape (Fig. 1D). Only for positive voltage
changes of less than 12 mV does the positive
output expected from electrical coupling
exceed the small (near-threshold) contribu-
tion of chemical inhibition, creating a small
range of PL voltages that have little effect on
LP voltages. Otherwise, the sign of the
output is insensitive to the polarity of the
input.

For graded chemical inhibition to cancel
positive electrical coupling potentials re-
quires a particularly strong graded connec-
tion. There are several PL cells that make
connections to LP cells; generally only one
(and sometimes none) forms an inhibitory
connection sufficiently strong to overcome
the electrical coupling, resulting in an input-
output curve such as that shown in Fig. 1D.
Weaker connections may result in graded
inhibition exactly canceling electrical cou-
pling for positive stimuli, resulting in a
diode-like curve providing half-wave rather
than full-wave rectification.

The synaptic transmission between a cell
pair can be modulated by activating a synap-
tic input to the presynaptic cell. The LP
neuron is presynaptic to, and strongly inhib-
its, pyloric dilator (PD) neurons. Polariza-
tion of the PL neuron affects transmission
from LP to PD neurons (Fig. 2, A and B):
cither depolarization or hyperpolarization of
the PL neuron reduces the LP-to-PD neuro-
nal response. Polarizing the PL neuron
alone has no effect on PD neurons (since the
LP neuron does not inhibit the PD neuron
at rest with tetrodotoxin in the bath).

Although the pyloric rhythm can be gen-
erated and coordinated without neuronal
spikes, by means of graded transmission
alone (5), it typically operates with a combi-

" nation of spike-evoked and graded synaptic

transmission (4); Fig. 2, C and D, demon-
strates the power of the PL neurons in
modulating the pyloric rhythm (in saline
without tetrodotoxin in the bath to block
spikes). Inhibitory postsynaptic potentials
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Fig. 1. (A) Schematic diagram of a portion of the
pyloric circuit of the lobster stomatogastric gan-
glion, simplified to show the synaptic relations.
The circles represent a single neuron or a group of
electrically coupled neurons. The lines connecting
the circles represent synaptic connections, the
truncated line for chemical inhibition and the
wavy line for electrical coupling. The simplified
circuit includes the two pyloric dilator (PD)
neurons, the anterior burster (AB) neuron, the
lateral pyloric (LP) neuron, and the (approxi-
mately) three pyloric late (PL) neurons. (B) Nor-
mal oscillatory activity recorded in the cell bodies
of neurons representing the three major cell types
diagrammed 1n (A). Decremented spikes ride on
large membrane potential oscillations. The ampli-
tude and shape of spike-evoked inhibitory post-
synaptic potentials vary with the cell pair. The
data are from an isolated stomatogastric prepara-
tion after stimulation of the stomatogastric nerve
to enhance activity. (C) Hyperpolarization with 4
X 107M tetrodotoxin in the bath. Both depolar-
izing (D) and hyperpolarizing (H) stimuli to the
PL cell cause hyperpolarizing responses in the LP
neuron. The stick figure shows that both electrical
and chemical synapses are at a distance from the
soma, on fine processes in the neuropil (15). Ve,
presynaptic- potential; V., postsynaptic poten-
tial. (D) Input-output curve; 4 X 107 M tetrodo-
toxin in the bath. Symbols: (@) peak pre- and
postsynaptic responses; ([J) the subsequent main-
tained plateau responses.

Fig. 2. Traces showing that depolarization and
hyperpolarization of PL have the same circuit
effects. (A) and (B) show presynaptic inhibition
with 4 X 1077 tetrodotoxin in the bath. Two
trials are shown for (A) and (B), a control demon-
strating the effect of depolarization of the LP
neuron on PD potential with no PL stimulation
(PD trace), and a second trial showing the effect
of stimulating both PL and LP neurons (PDpr
trace and arrows in LD trace). The data for the
two trials are superimposed for the LP and PL
traces but are shown separately for PD traces. (A)
Traces showing that depolarization of the PL
neuron reduces PD inhibition by the LP neuron.
(B) Traces showing that hyperpolarization of the
PL neuron reduces LP-to-PD inhibition. In both
(A) and (B), stimulation of the PL neuron alone
has no effect on the PD potential. (C) and (D)
show that, for spontaneous activity in a “com-
bined preparation” with the commissural and
esophageal inputs intact (16), PL stimulation
resets the pyloric rhythm (normal saline in the
bath). (C) Traces showing that depolarizing cur-
rent into the PL neuron (bottom) causes depolar-
ization and a burst of spikes in the PL neuron that
inhibit the expected LD burst, thereby removing
the normal LP inhibition of the PD neuron and
allowing the next PD burst to advance. (D) Traces
showing that hyperpolarization of the PL neuron
produces the same effect on LP and hence on PD
potentials.
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can be seen in the PD trace from the spikes
in the LP trace. When a brief depolarizing
current is applied to the PL cell (Fig. 2C),
the expected LP burst is inhibited, and the
next PD burst occurs prematurely because of
the absence of the usual inhibition. A similar
response occurs if the PL neuron is hyperpo-
larized instead (Fig. 2D).

Thus during the typical pyloric pattern
seen in active preparations, the PL neuron
acts to help terminate the LP burst (Fig.
1B), allowing the PD neuron to fire sooner.
The hyperpolarization of the PL neuron
during the PD burst may also retard the LP
depolarization and burst, thus modulating
circuit activity during the hyperpolarizing
part of the PL cycle when neurons are
thought to be ineffective.

Finally, neuromodulators are known to
modulate selectively the range of the normal
voltage excursion and the firing patterns of
these stomatogastric neurons (12). Such
regulation should be capable of modifying
the relative strengths of the mixed chemical-
electrical synaptic connection, allowing one
or the other effect to dominate. In other
systems, modulators have been demonstrat-
ed to affect electrical coupling (13) and
synaptic transmission (14), raising the possi-
bility of even more marked shifts in the
relative effectiveness of the electrical and
chemical components of this mixed synapse.
Thus this synaptic pair may be capable of
switching its computations between full-
wave rectification, half-wave rectification,
and simple chemical inhibition or electrical

coupling depending on modulatory input to
this simple two-cell circuit and, by so doing,
may modulate the patterned output of its
larger neural network.
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Technical Comments

Asymmetry of Neural Feedback in the Organization

of Behavioral States

The nucleus locus coeruleus sends norepi-
nephrine-containing projections to the en-
tire cerebral cortex. Gary Aston-Jones et al.
(1) show that this nucleus does not receive
reciprocal projections back from the cortex.
The overall connectivity pattern of this nu-
cleus leads them to conclude that the wide-
spread norepinephrine innervation of cortex
is under a restricted set of afferent controls
emanating mostly from a few medullary and
hypothalamic nuclei.

We demonstrated this type of asymmetry
in the connectivity of the nucleus basalis,
which is the source of cholinergic projec-
tions for all cortical areas in the brain (2).
Our studies in the rhesus monkey showed
that the forebrain projections to this nucleus
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arise from a surprisingly restricted set of
limbic and paralimbic regions. In contrast,
the numerous sensory-motor and associa-
tion areas of cortex which also receive cho-
linergic innervation send virtually no recip-
rocal projections back into the nucleus basa-
lis. We concluded that the vast majority of
the cortical surface has no direct feedback
control over the cholinergic input that it
receives, whereas a handful of limbic and
paralimbic areas can exert monosynaptic
control not only over the cholinergic input
that they receive but also over the choliner-
gic projections that reach all other parts of
the cerebral cortex. This pattern of connec-
tivity implied that the nucleus basalis was
poised to act as a cholinergic relay for

modulating the activity of the entire cortical
surface according to the prevailing motiva-
tional state encoded by the limbic and para-
limbic regions of the brain.

Aston-Jones ¢t al. show that the principle
of asymmetrical neural control also holds for
the nucleus locus coeruleus. An analogous
arrangement is likely to exist in the connec-
tivity of the brainstem raphe nuclei and of
the substantia nigra—ventral tegmental area
complex, which provide the cerebral cortex
with serotonin and dopamine innervation,
respectively. This pattern contrasts sharply
with the great majority of corticocortical
and corticothalamic connections that are
reciprocal in a more symmetrical fashion.

The ascending corticopetal connections of
the nucleus basalis, locus coeruleus, brain-
stem raphe, and substantia nigra are orga-
nized in such a way that a relatively small
group of cells (under a restricted set of
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