
6. Preliminary data on polarization of the evoked 
DRG-SC EPSP with the reversal potential esti- 
mated by extrapolation indicate that 0 mV is a 
reasonable approximation, although we have 
not demonstrated reversal of this EPSP, and 
support the assumption that this is likely to be a 
chemical synapse rather than an electrotonic 
synapse. 
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Opiate peptides are distributed in neu- 
ronal pathways throughout the central 
and peripheral vertebrate nervous sys- 
tems (1), and behavioral (2) and bio- 
chemical (3) pharmacology experiments 
have demonstrated various actions sug- 
gesting important roles for opiate pep- 
tides in neuronal function. Also, extra- 
cellular recordings obtained in vivo in 
the central nervous system (CNS) have 
shown that enkephalin depresses both 
spontaneous and glutamate-evoked ac- 
tivity (4). The membrane mechanisms 
underlying these actions have yet to be 
elucidated. We have used tissue-cultured 
mouse spinal neurons to examine the ef- 
fects of the opiate peptide leucine-en- 
kephalin ([Leu5]enkephalin) and report 
here that the peptide has an action dis- 
tinct from conventional neurotransmit- 
ters. The peptide effects may appropri- 
ately be characterized as "neuromodula- 
tory" (5). 

Spinal cord neurons derived from 13- 
day-old mouse embryos were grown as a 
monolayer in tissue culture as described 
(6). Intracellular recordings of mem- 
brane properties were made on the modi- 
fied stage of an inverted phase micro- 
scope by conventional methods with one 
microelectrode and voltage clamp tech- 
niques with two microelectrodes. Gluta- 
mate (0.5M, pH 8; Sigma), [Leu5]en- 
kephalin, (0.01M, pH 3.5; Pierce) and 
naloxone (0.05M, pH 3.5) (7) were in- 
troduced by iontophoresis with extra- 
cellular micropipettes; 10 mM MgCl2 
was added to the extracellular medium to 
suppress ongoing synaptic activity and 
to allow clearer examination of post- 
synaptic pharmacology. 

[Leu5]enkephalin depressed responses 
to iontophoresis of the putative trans- 
mitter glutamate on 28 of 32 neurons 
tested, independent of any other effects 
on neuronal membrane properties (Figs. 
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1A and 2B). The depressant effects were 
rapid in onset, sustained for the duration 
of the peptide iontophoresis, and readily 
reversible. Peptide depression of the 
glutamate response was current-depen- 
dent and ranged from 20 to 80 percent of 
the control amplitude, with maximum 
depression averaging 50 percent (Fig. 1, 
Cl). The depression of glutamate re- 
sponse amplitude was associated with a 
current-dependent change in the kinetics 
of the response, both time-to-peak and 
decay time being measurably prolonged 
(Fig. 1, A2 and C2; Fig. 2, B and D). Par- 
tial reversal of enkephalin-induced de- 
pression of glutamate responses by 
coincident iontophoresis of naloxone 
was observed in six of ten cells tested 
(Fig. lB). The reversal was never com- 
plete, responses being restored on the 
average to about 80 percent of control. 

A pharmacological analysis of the in- 
teraction between enkephalin and gluta- 
mate was carried out with the use of 
glutamate current-response curves (N = 
7). On every occasion, glutamate re- 
sponses evoked by higher iontophoret- 
ic currents were depressed relatively 
more than those evoked by lower cur- 
rents (Fig. 2A). Analysis of the log-log 
plots of the current-response data, which 
give a minimum estimate of the number 
of molecules involved in the unitary con- 
ductance (8), suggests that the peptide 
does not alter the number of glutamate 
molecules involved in the unitary con- 
ductance (Fig. 2C). If we assume that 
one glutamate molecule participates in 
the response, analysis of the double-re- 
ciprocal plots derived from the current- 
response data indicates that the peptide 
has apparently not altered the affinity of 
the receptors for glutamate. From these 
results we conclude that enkephalin 
depresses glutamate responses through a 
noncompetitive mechanism. The results 
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do not allow us to specify further the site 
of interaction on the receptor-coupled 
conductance mechanism. The molecular 
mechanisms involved in the enkephalin- 
glutamate interaction at the single chan- 
nel level remain to be investigated. 

Our results suggest that the effects of 
this peptide are functionally distinct 
from conventional neurotransmitter ac- 
tion. Neurotransmitters are released 
from synaptic terminals in close apposi- 
tion to postsynaptic membranes. Neuro- 
transmitter action involves activation or 
inactivation of specific receptors which 
are coupled to one or more ionic con- 
ductances (9). The time course of such 
action is brief milliseconds to seconds 
and subject to "desensitization"; and 
the functional effect is to alter cellular 
excitability indirectly. Neurotransmitter- 
induced excitation results either when 
the driving force of the ionic con- 
ductance activated is depolarized rela- 
tive to threshold for firing or when the 
drive force of the ionic conductance in- 
activated is hyperpolarized relative to 
threshold. Conversely, neurotransmit- 
ter-induced inhibition results either 
when the driving force of the ionic con- 
ductance activated is hyperpolarized rel- 
ative to threshold or when the drive force 
of the ionic conductance inactivated is 
depolarized relative to threshold. 

Although the physiology of enkepha- 
linergic neurons is unknown, as is the na- 
ture of the anatomical contacts made by 
such neurons, it is clear from the phar- 
macology presented here that enkephalin 
does not directly dominate membrane 
excitability by altering a specific ionic 
conductance like a neurotransmitter but 
rather modulates the subsynaptic actions 
of a neurotransmitter-coupled event. 
The modulation effect does not appear to 
fade or desensitize during sustained ap- 
plication. This would provide a subtle 
yet effective modulation of glutaminergic 
pathways without alteration in other 
transmissions in which the same cellular 
elements are utilized. Whether enkepha- 
lin modulates other neurotransmitter- 
coupled conductances remains to be de- 
termined. From these observations we 
may tentatively define neuromodulation 
as the alteration of synaptic receptor- 
coupled conductances without direct ac- 
tivation of such conductances. 

Neuromodulation by peptides appears 
to differ functionally from the neurohor- 
monal communication by peptides de- 
scribed in several invertebrate systems 

do not allow us to specify further the site 
of interaction on the receptor-coupled 
conductance mechanism. The molecular 
mechanisms involved in the enkephalin- 
glutamate interaction at the single chan- 
nel level remain to be investigated. 

Our results suggest that the effects of 
this peptide are functionally distinct 
from conventional neurotransmitter ac- 
tion. Neurotransmitters are released 
from synaptic terminals in close apposi- 
tion to postsynaptic membranes. Neuro- 
transmitter action involves activation or 
inactivation of specific receptors which 
are coupled to one or more ionic con- 
ductances (9). The time course of such 
action is brief milliseconds to seconds 
and subject to "desensitization"; and 
the functional effect is to alter cellular 
excitability indirectly. Neurotransmitter- 
induced excitation results either when 
the driving force of the ionic con- 
ductance activated is depolarized rela- 
tive to threshold for firing or when the 
drive force of the ionic conductance in- 
activated is hyperpolarized relative to 
threshold. Conversely, neurotransmit- 
ter-induced inhibition results either 
when the driving force of the ionic con- 
ductance activated is hyperpolarized rel- 
ative to threshold or when the drive force 
of the ionic conductance inactivated is 
depolarized relative to threshold. 

Although the physiology of enkepha- 
linergic neurons is unknown, as is the na- 
ture of the anatomical contacts made by 
such neurons, it is clear from the phar- 
macology presented here that enkephalin 
does not directly dominate membrane 
excitability by altering a specific ionic 
conductance like a neurotransmitter but 
rather modulates the subsynaptic actions 
of a neurotransmitter-coupled event. 
The modulation effect does not appear to 
fade or desensitize during sustained ap- 
plication. This would provide a subtle 
yet effective modulation of glutaminergic 
pathways without alteration in other 
transmissions in which the same cellular 
elements are utilized. Whether enkepha- 
lin modulates other neurotransmitter- 
coupled conductances remains to be de- 
termined. From these observations we 
may tentatively define neuromodulation 
as the alteration of synaptic receptor- 
coupled conductances without direct ac- 
tivation of such conductances. 

Neuromodulation by peptides appears 
to differ functionally from the neurohor- 
monal communication by peptides de- 
scribed in several invertebrate systems 
(10). The latter involves peptide-mediat- 
ed communication between a specific 
cluster of neurons remote from, and not 
in synaptic contact with, target cells (11). 
The actions thus far described are mul- 

(10). The latter involves peptide-mediat- 
ed communication between a specific 
cluster of neurons remote from, and not 
in synaptic contact with, target cells (11). 
The actions thus far described are mul- 

0036-8075/78/0331-1451$00.50/0 Copyright ? 1978 AAAS 0036-8075/78/0331-1451$00.50/0 Copyright ? 1978 AAAS 1451 1451 

Opiate Peptide Modulation of Amino Acid Responses Suggests 
Novel Form of Neuronal Communication 

Abstract. Mouse spinal neurons grown in tissue culture were used to study the 
electrophysiological pharmacology of the opiate peptide leucine-enkephalin. En- 
kephalin depressed glutamate-evoked responses in a noncompetitive manner inde- 
pendent of any other effects on membrane properties. The results demonstrate a 
neuromodulatory action of opiate peptide functionally distinct from the conventional 
neurotransmitter class of operation. 
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tiple and long-lasting and include altera- excitability of diverse and distant neu- 
tion in both voltage-independent and rons. 
voltage-dependent conductances (10). Neurohormonal communication might 
Such a mode of intercellular communica- be likened to information broadcast in a 
tion allows one substance to regulate the public manner by radio where only those 
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receivers with antennas properly tuned 
to the correct wavelength receive infor- 
mation. Neurohormones, although wide- 
ly dispersed in the extracellular fluid, 
only affect the excitability of those tar- 
get neurons with receptors properly 
"tuned" to the peptide structure. Neu- 
rotransmission is analogous to a tele- 
phone conversation in that it is essen- 
tially private and requires hardwiring. 
Neurotransmitters, released at intimate 
synaptic junctions between fixed, con- 
tiguous elements,: convey excitability 
changes from axon to postsynaptic mem- 
brane. (To continue the analogy, neu- 
romodulation would appear to be a form 
of gain control imposed on private con- 
versations.) Neuromodulators appear to 
function at synapses where they alter 

Fig. 1 (top). Leucine-enkephalin modulation 
0.2 second of glutamate responses of cultured mouse spi- 

nal neurons. Rectilinear penwriter records of 
intracellular recordings were made with KC1 

.S...... .......^ . pipettes. Enkephalin and glutamate were in- 
troduced by iontophoresis from extracellular 
pipettes placed at the same site on the cell 
body. (Al) Iontophoresis of enkephalin, 
marked by the bar above trace, rapidly and 
reversibly depresses depolarizing voltage re- 
sponses to 50 msec-25 nA glutamate pulses 

.^ . " - ^ with little change in membrane potential. The 
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. 

.^... at -80 mV by a steady current through the 
bridge circuit. (A2) Faster chart speed of 
events; 0.2-second time calibration applies. 

.^...... (B) Partial naloxone reversal of enkephalin 
depression of responses to 100 msec-40 nA 
glutamate pulses. The control sequence (left) 
was repeated in the presence of coincident 
iontophoretic application of naloxone at 50 
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125 nA mV. (C1) Depression of glutamate responses 

by increasing the enkephalin iontophoretic econd current with specimen records of some data 
,--,- 2.5 nA points (a to e) shown on right (C2). Same cell 

as in (A). Increasing the enkephalin current 
produces a decrease in the amplitude of the 
glutamate response, but the effect saturates at 
about 50 percent depression. A slowing of the 
glutamate response kinetics at higher ion- 
tophoretic currents of enkephalin is evi- 

,,_^ ~ dent. Fig. 2 (bottom). Analysis of the en- 
kephalin-glutamate interaction on cultured 
spinal neurons observed with the voltage- 
clamp technique. The spinal neuron was im- 
paled with two independent KCI micro- 

Enkephalin pipettes and the voltage was clamped to -50 
utamate mV. The experimental paradigm is illustrated 

in (B). A 10-mV hyperpolarizing command fol- 
^T-KWI ~ lowed by 100 msec-100 nA glutamate ion- 
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i , . The dose-response curve of the membrane 
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pre- and postsynaptic events. Whether 
one substance can have multiple, opera- 
tionally distinct actions as transmitter, 
modulator, or hormone, depending on 
engagement of specific receptors, re- 
mains to be determined. Our observa- 
tions indicate only that one action of 
[Leu5]enkephalin falls outside two other 
previously described functional classes 
of communication in nervous systems. 
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termites lack this assemblage of xylopha- 
gous protozoa, and the mechanism by 
which ingested cellulose is degraded re- 
mains a matter of speculation. It has 
been suggested that, in some species, 
paunch bacteria have taken over the role 
of the protozoa, but evidence in support 
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of this notion is meager (3). "Cellulases" 
have been reported from the guts of sev- 
eral higher termites, but in only one spe- 
cies has the full set of enzymes required 
to digest native cellulose been demon- 
strated (4). It is also possible that some 
species simply restrict their diets to 
wood that has already experienced ex- 
tensive fungal decay. 

Termites of the higher termite sub- 
family Macrotermitinae (5), common in 
Africa and Asia, have long intrigued biol- 
ogists because of their symbiotic associ- 
ation with fungi that grow in their nests 
on structures referred to as "fungus 
combs." The combs, which are sponge- 
like in appearance and corklike in tex- 
ture, are derived from chewed but undi- 
gested plant fragments (6-8). The surface 
of the comb is covered with a sparse 
growth of mycelium and numerous small 
white spheres or nodules, 0.5 to 2 mm in 
diameter (see Fig. 1). These nodules, or 
synemata, are the conidia or conidio- 
phores of a fungus, Termitomyces sp., 
believed to be restricted to Macrotermi- 
tinae nests (9). The mycelium is a mix- 
ture of Termitomyces sp. and various 
xylariaceous species (10). 

The termites eat both the comb materi- 
al (11) and the nodules (12). It is not 
known whether in nature they also eat 
the various cellulosic materials they col- 
lect (6), or whether these materials are 
all first incorporated into the fungus 
combs. The material from which the 
comb is constructed contains plant frag- 
ments with intact cells and cell walls, 
while extensive deterioration of cellular 
structure is evident in the contents of the 
midgut, paunch, and rectum (8), suggest- 
ing that the digestion of cell wall constit- 
uents occurs in the termite's gut. How- 
ever, laboratory studies have shown that 
the termites starve if provided only with 
cellulosic materials, such as sound wood 
or filter paper, whereas they survive for 
extended periods of time if provided with 
fragments of fungus comb, complete 
with the nodules (13, 14). 

Our investigation was directed at the 
question of how the fungus-growing ter- 
mites digest cellulose and what the basis 
is for the dependence of the termites on 
their symbiotic fungal partner. 

The enzymatic degradation of cellu- 
lose requires the concerted action of sev- 
eral enzymes, the C5 enzymes (active 
against crystalline cellulose), the Cx en- 
zymes (active against noncrystalline cel- 
lulose and soluble derivatives or degra- 
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(15). We have found that the entire set of 
enzymes required for cellulolysis is pres- 
ent in the midguts of adult Macrotermes 
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native cellulose. The Cx-cellulases and the f3-glucosidases are produced, at least in 
part, by the termite's own midgut epithelium and salivary glands. The C,-cellulases, 
on the other hand, are acquired by the termites when they feed on a fungus that 
grows in their nests. We propose that the involvement of acquired digestive enzymes 
could serve as the basis for a general strategy of resource utilization and further 
suggest that the acquisition of digestive enzymes may be a widespread phenomenon 
among mycophagous invertebrates. 
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