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Abstract 

The peptides substance P (SP), methionine-enkephalin (M-ENK), leucine-enkephalin (L-ENK), 
and cholecystokinin (CCK) were released iontophoretically near spinothalamic tract (STT) cells in 
anesthetized monkeys and STT-like cells in decorticate, spinalized monkeys. Peptide effects were 
observed on background discharges, firing induced by release of glutamate, and activity evoked by 
pinching the skin. 

SP could have any of several actions on STT cells, including excitation, inhibition, or biphasic 
effects. Multiple effects often resulted while recording from an individual cell when the dose or the 
electrode position was changed. M-ENK and L-ENK generally inhibited STT cells, and in some 
cases it was possible to demonstrate a reversal of the inhibition by naloxone. CCK also caused an 
inhibition that was additive with that produced by L-ENK. 

The multiple actions of SP on STT cells suggests the possibility that there may be more than 
one type of SP receptor on STT cells, although alternative explanations should be considered. 
Inhibition of STT cells by M- and L-ENK is consistent with the known analgesic action of opiates 
through spinal cord mechanisms. CCK has an action on STT cells similar to that of the enkephalins. 

A number of peptides are concentrated in neural ele- 
ments of the dorsal horn of the mammalian spinal cord 
and are putative neurotransmitters (Emson, 1979; Nicoll 
et al., 1980). These include substance P (SP), somato- 
statin, cholecystokinin (CCK), enkephalin, neurotensin, 
thyrotropin-releasing hormone, avian pancreatic poly- 
peptide, vasoactive intestinal polypeptide, and others 
(Hbkfelt et al., 1975a, b, 1978, 1979; Takahashi and 
Otsuka, 1975; Kardon et al., 1977; Pickel et al., 1977; 
Hunt et al., 1980, 1981; Aronin et al., 1981; Gibson et al., 
1981; Glazer and Basbaum, 1981; DiFiglia et al., 1982; 
Yaksh et al., 1982). 

SP and somatostatin have been demonstrated in dorsal 
roots and dorsal root ganglion cells, and their concentra- 
tion in the dorsal horn decreases following dorsal rhizot- 
omy (HGkfelt et al., 1975b, 1976; Takahashi and Otsuka, 
1975; Chan-Palay and Palay, 1977). Thus, these peptides 
are candidate neurotransmitters of primary afferent fi- 
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bers. SP and somatostatin are also contained in inter- 
neuronal cell bodies in the dorsal horn and in axons 
descending from the brainstem (Chan-Palay, 1979; 
Bowker et al,, 1981; Hunt et al., 1981; Johansson et al., 
1981; Gilbert et al., 1982). 

CCK may also be a primary afferent transmitter in 
some species, including the cat (Maderdrut et al., 1982). 
Other peptides, including enkephalin, neurotensin, and 
thyrotropin-releasing hormone, have not been demon- 
strated in primary afferent fibers but are constituents of 
neurons of the dorsal horn and/or of descending tracts 
(HGkfelt et al., 1975a, 1979; Aronin et al., 1981; Bowker 
et al., 1981; Hunt et al., 1981; Johansson et al., 1981; 
Gilbert et al., 1982). 

It is known that several peptides can excite or inhibit 
the activity of dorsal horn interneurons when ejected 
from micropipettes introduced into the dorsal horn. For 
example, SP has been shown to produce a delayed but 
long-lasting excitation of dorsal horn interneurons 
(Henry et al., 1975; Henry, 1976; Rand% and Miletit, 
1977; Sastry, 1979b; Zieglgtinsberger and Tulloch, 1979a). 
CCK has also been reported to excite dorsal horn neurons 
(Jeftinija et al., 1981), as has neurotensin (Miletib and 
Rand%, 1979). Leucine- and methionine-enkephalin (L- 
ENK and M-ENK) and somatostatin, on the other hand, 
cause a depression of the discharges of many dorsal horn 
interneurons (Duggan et al., 1977b; Randi; and Miletik, 
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1978; Satoh et al., 1979; Zieglgtinsberger and Tulloch, 
1979b). 

The present work is an investigation of the actions of 
the peptides substance P, leucine- and methionine-en- 
kephalin, and cholecystokinin on primate spinothalamic 
tract (STT) cells. These substances were released by 
iontophoresis near STT cells, and their effects on the 
discharges evoked by glutamate pulses or by noxious 
stimulation of the skin were assessed. A preliminary 
report of some of the results has been made in abstract 
form (Willcockson et al., 1983). The companion paper 
(Willcockson et al., 1984) describes the responses of STT 
cells to iontophoretic application of amino acids and 
amines. 

Materials and Methods 

Experiments were performed on 16, anesthetized mon- 
keys (Macaca fascicularis) weighing 2.0 to 3.2 kg. The 
experimental procedure for these studies was identical to 
that described in the preceding paper (Willcockson et 
al., 1984). Decorticate, spinalized animals were used in 
three of the experiments. STT and STT-like cells of the 
dorsal horn were identified by antidromic activation from 
the contralateral thalamus (Trevino et al., 1973) or from 
the lateral funiculus of the contralateral upper cervical 
cord (Willcockson et al., 1984). 

Drug concentrations and pH were as follows: t,-mon- 
osodium glutamate (Sigma), 0.2 M, pH 8.5; M-ENK 
(Sigma), 10 mM, pH 5.0; L-ENK (Sigma, Beckman-two 
experiments, 10 mM, pH 5.0); SP-triacetate salt (Sigma); 
SP (Beckman-three experiments, 5 mM, pH 5.0); CCK 
(Sigma), 250 units/ml, pH 5.0; and naloxone hydrochlo- 
ride, 0.1 M, pH 4.5. All compounds were made up in 
sterile, deionized H20 immediately before filling the elec- 
trodes. All drugs, except glutamate (Glu), were applied 
with cationic current. Retaining currents were always 57 
nA; current neutralization was employed during all drug 
applications. 

The drugs were tested against background, Glu-in- 
duced, or mechanically evoked activity, as described pre- 
viously (Willcockson et al., 1984). Data compilation and 
analysis of peptide effects were accomplished as for ex- 
periments using the amines. Marks were made by passing 
current through the carbon-fiber microelectrodes to show 
recording sites. 

Results 
Peptide effects were examined on a total of 52 cells in 

16 experiments. In most cases, the effects of amino acids 
and amines were also tested on the same cells (see 
Willcockson et al., 1984). STT cells and STT-like cells 
examined in spinalized animals were found at depths of 
600 to 2070 pm from the dorsal surface of the spinal 
cord, and most marks were located in the upper five 
laminae of the dorsal horn. The locations of sites at 
which recordings were made from STT cells are sum- 
marized in Figure 1 of the preceding paper (Willcockson 
et al., 1984). Antidromic latencies in the animals with an 
intact neuraxis ranged from 2.6 to 13 msec and in spi- 
nalized animals ranged from 2.8 to 7.8 msec. These 
latencies correspond to conduction velocities appropriate 
for myelinated axons (12 to 60 m/set). Thresholds for 

antidromic activation ranged from 20 to 750 PA for STT 
cells and 200 PA to 1 mA for cells antidromically acti- 
vated in spinalized animals. Responses of STT cells to 
innocuous and noxious stimuli allowed the following 
classification (Chung et al., 1979): wide dynamic range 
(WDR) STT cells, 31; high threshold (HT), 6; low 
threshold (LT), 1; deep (D) cells, 1. One cell could not 
be classified. Of cells recorded in spinalized animals, 9 
were WDR, 1 was HT, and 2 were LT. 

There was no apparent correlation between differences 
in drug effects and cell location within the dorsal horn, 
conduction velocity, or classification (WDR, HT, LT). 
No difference was observed in the responses to peptides 
or naloxone in anesthetized or in spinalized preparations. 

SP is often regarded as a neurotransmitter that has an 
excitatory action on nociceptive neurons of the dorsal 
horn. Although we confirm previous observations, we 
were impressed by the observation that SP often pro- 
duced complex effects on STT cells (Table I). In addition 
to purely excitatory, purely inhibitory, or no effects, we 
often observed biphasic effects (excitation followed by 
inhibition or the reverse) or different types of actions, 
depending upon the position of the microelectrode array 
or on iontophoretic current strength (11 of 27 STT cells). 
For example, in one cell, excitation, inhibition followed 
by excitation, excitation followed by inhibition, and no 
effect were all noted. In another two cells either excita- 
tion or inhibition followed by excitation was caused by 
SP release. The remainder of the cells exhibiting multiple 
actions of SP had other combinations of effects. In nine 
cells, the multiple effects were apparently due to changes 
in the iontophoretic current used to apply SP. Multiple 
responses to SP were otherwise due to changes of posi- 
tion of the electrode relative to the cell under investiga- 

TABLE I 
Peptide effects on STT cel& 

Drugb Excita- Inhihi- 
tion’ tion’ 

No Biphasic Multiple Total Threshold 
Effect EffecP Effects’ (IlAb 

A. vs. Glu Activity 
M-ENK 1 (56%)’ 22 (99%) 4 0 1 
L-ENK 0 29 (100%) 2 0 0 
SP 3 (59%) 2 (81%) 3 8 11 

CCK 0 6 (89%) 0 0 0 
B. vs. Background Activity 

M-ENK 0 4 (69%) 0 0 0 
L-ENK 0 5 (77%) 0 0 0 
SP 0 1 (40%) 2 1 3 

CCK 0 2 (60%) 0 0 0 
C. vs. Pinch Activity 

M-ENK 0 9 (100%) 4 0 0 
L-ENK 0 4 (89%) 0 0 0 
SP 0 0 2 1 0 

28 25-150 
31 50-150 
27 25-100 

6 25-50 

13 50-150 
4 50-200 
3 50 

50-150 
50-150 
25-150 

25-50 

“This table also includes data from STT-like dorsal horn cells in 
spinal animals. See the text for further details. 

* Barrel concentrations for M-ENK and L-ENK = 10 mM, for SP = 
5 mM, and for CCK = 250 units/ml. 

’ The number of cells responding as indicated by heading. In paren- 
theses, the maximum percentage of excitation (column 2) or inhibition 
(column 3) seen with currents 5 150 nA. 

d Biphasic effects include such actions as inhibition followed by 

excitation or excitation followed by inhibition. 
e Any combination of single or biphasic effects seen with changes in 

dose or electrode position relative to the cell. 
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tion. This was seen in 7 of the 11 cells exhibiting multiple 
reactions to SP. There was no apparent correlation be- 
tween SP effects and the locations of cells in different 
laminae of the dorsal horn. 

In Figures 1 and 2, some of the various effects of SP 
on STT cells are illustrated. Figure 1A shows the location 
and receptive field (insets) of an STT cell and a single- 
pass peristimulus time histogram of the responses of this 
cell to graded mechanical stimuli. This STT cell was 
classified as a WDR cell. In Figure 1, C and D, a current- 
related excitation of this cell followed iontophoretic ap- 
plication of SP at one position of the multi-barrel micro- 
electrode. The excitation was manifested both as an 
increase in the responses to Glu pulses (Glu applied for 
5 set every 10 set) and as an increase in background 
activity (seen between the Glu responses). The largest 
excitation occurred after the iontophoretic current was 
stopped in Figure 1D. The excitation’then persisted for 
the remainder of the time shown in the histogram. Fol- 
lowing these recordings, the microelectrode array was 
moved to another nearby track. The same STT cell was 
then found, as shown by its depth, the latency of the 
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antidromic action potential, and the receptive field. In 
this microelectrode position, SP at 50 nA produced a 
strong inhibition followed by an increase in activity after 
the current ceased. A similar effect was observed on both 
Glu responses (Fig. 1E) and pinch-evoked firing (Fig. 
1B). 

In Figure 2 another WDR STT cell was tested with 
SP. From one microelectrode position, SP appeared only 
to excite the cell in a current-related fashion (Fig. 2C). 
From another microelectrode position (Fig. 20), SP 
caused a delayed inhibition. Figure 2E illustrates still 
another effect of SP after the electrode was moved to a 
different point. Here 50 nA of SP produced excitation 
and then inhibition. This response was reproduced by 
Glu at this same microelectrode position, as seen in 
Figure 2B. 

Iontophoretic application of M-ENK had predomi- 
nantly inhibitory effects on STT cells and STT-like cells 
in spinalized animals. When tested against the responses 
to Glu, M-ENK depressed 22 of 28 cells (79%). Inhibitory 
responses were often slow in onset and of long duration, 
although this was not always so. In four cells (one in a 

C! 

I 

SP 

P 
25nA 

30 60 90 120 150 lE0 

0 50nA 
.3 . 

BINS BINS 

Figure 1. Multiple effects of SP on an STT neuron. A, Insets show cell location and receptive field. The single-pass peristimulus 
time histogram shows responses to graded intensities of mechanical stimuli. B, Effect of SP on pinch-evoked firing of the cell. 
Note the inhibition during application followed by an increase in overall activity after the termination of current. C and D, SP- 
induced enhancement of the responses to pulsed release of Glu at two different currents. The electrode was in different positions 
relative to the cell for recordings seen in B and C. E, Inhibition, then enhancement of Glu responses after application of SP. 
This recording was made at the same location as that in B. Bin width = 1 set for histograms in this and later figures, unless 
otherwise stated. 
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Figure 2. Multiple effects of SP on an STT cell and comparison to action of Glu. A, Insets show STT cell location and 
receptive field. The single-pass peristimulus time histogram shows activity induced by innocuous and noxious mechanical stimuli. 
B, Effect of Glu applied from one barrel on responses to pulsed Glu release from a separate barrel of the multi-barreled array. C, 
Enhancement of Glu-induced activity by SP. D, Effect of Sp on Glu responses at a different position from the recording site 
than that for C. E, Effect of SP on Glu responses at still another electrode position. This recording site was the same spot as 
that where the histogram in B was recorded. Note the similarity of effects of Glu and SP in B and E. 

SP 

Willcockson et al. 

4 - 50nA lOOnA - 

spinalized animal), no effect was seen. One cell in a 
spinalized animal was apparently excited by M-ENK, 
and one STT cell showed an inhibition followed by 
excitation or only inhibition, depending upon the posi- 
tion of the electrode. M-ENK was tested against back- 
ground activity in four cells (two in spinalized animals); 
all four were inhibited. M-ENK also reduced activation 
by pinching in 9 of 13 cells (1 in a spinalized animal); in 
4 cells (1 in a spinalized animal), no effect was seen. In 
three STT cells, M-ENK was tested on activity evoked 
by ipsilateral sural nerve stimulation. Nonspecific inhi- 
bition was observed in all three cells; that is, there was a 
similar reduction in background activity and in responses 
to volleys in A fibers and C fibers. 

Naloxone (0.05 mg/kg, i.v.) was administered following 
control observations of the inhibitory effects of ionto- 
phoresed M-ENK on excitation by pulsed application of 
Glu. Systemic naloxone by itself did not have a signifi- 
cant effect on background or Glu-induced activity. Fol- 
lowing naloxone the M-ENK inhibition was reduced in 
two of five cells tested (one in a spinalized animal). 
Maximal reduction of the control M-ENK inhibition of 

37% and 81% occurred in 15 and 35 min in these two 
cells. Recovery was seen in approximately 1 hr. In one 
cell the M-ENK inhibition was enhanced following nal- 
oxone. Recovery in this case occurred within 10 min. In 
two other cells, naloxone had no apparent effect on the 
M-ENK response (one cell exhibiting no antagonism by 
naloxone of M-ENK inhibition was in a spinalized ani- 
mal). 

M-ENK inhibition of STT cells is illustrated in Fig- 
ures 3 to 5. Figure 3 shows M-ENK and naloxone effects 
on an STT cell. In Figure 3A, M-ENK reduced the 
responses of the cell to pulsed release of Glu. In Figure 
3B, the M-ENK effect was shown to be antagonized 35 
min after systemic administration of naloxone. After 90 
min (Fig. 3C), the M-ENK effect was again strong. 

Figure 4 shows the inhibitory effect of M-ENK on 
STT cell activity induced by pinching the receptive field. 
In Figure 40, the M-ENK effect has been attenuated 10 
min after systemic naloxone. 

L-ENK also inhibited STT cells. The Glu responses 
of 29 of 31 cells (93%) were inhibited by iontophoretic 
application of L-ENK; no cases of excitation were seen. 
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Figure 3. Effects of M-ENK and naloxone on the responses 
of an STT cell to pulsed release of Glu. The cell’s location and 
receptive field characteristics have been shown in Figure 4A in 
the preceding paper (Willcockson et al., 1984). A, Inhibition of 
pulsed Glu responses by M-ENK. The single-pass peristimulus 
time histogram shows bursts of activity produced by Glu applied 
for 5 set at IO-set intervals. During the period indicated by the 
bar, 100 nA of M-ENK were applied. B, Thirty-five minutes 
after naloxone (0.05 mg/kg) was administered intravenously 
the response to M-ENK was maximally reduced. C, Ninety 
minutes after naloxone administration the effect of M-ENK 
had recovered. Bin width = 800 msec. 

L-ENK inhibited the high background activity of all six 
cells tested and reduced pinch-induced activity in all four 
cells tested. Of cells in spinal animals contributing to 
these totals, eight showed inhibition of Glu-induced re- 
sponses, two showed inhibition of background activity, 
and one showed inhibition of pinch-induced activity. In 
Figure 5, M-ENK inhibition is compared to L-ENK 
inhibition on an STT-like WDR cell in a spinalized 
animal. 

L-ENK’s effect was usually of short onset and stopped 
soon after current termination. This type of effect is 
illustrated in Figure 5C. However, in some cases the 
effect of L-ENK was of longer duration. This is seen in 
Figure 6, where the inhibition produced by L-ENK is 
compared to that by 5hydroxytryptamine on responses 
to pulses of Glu (Fig. 6, A and B) and pinch-evoked 
activity (Fig. 6C). The location and receptive field char- 

acteristics of the STT cell described in Figure 6 were 
shown in Figure 1A. 

Naloxone’s effect on L-ENK inhibition of Glu-induced 
responses was tested by both intravenous (0.05 mg/kg) 
and iontophoretic administration of naloxone. Systemic 
naloxone antagonized L-ENK’s effect on three dorsal 
horn WDR STT-like cells in spinalized animals. Maxi- 
mal reductions of 44%, 100% and 65% were seen in 10, 
12, and 2 min. Partial recovery was noted within 20 to 
30 min. L-ENK’s effect was also examined on one iden- 
tified STT cell following systemic naloxone administra- 
tion. Naloxone reduced L-ENK inhibition by 45% in 13 
min, with partial recovery seen in 30 min. Thus, naloxone 
antagonized the action of L-ENK in all four cases tested. 
Naloxone inhibited STT cells when applied alone by 
iontophoresis of 50 nA. At 25 nA, no significant direct 
effect of naloxone was observed, hence, this dose was 
used against the inhibition of Glu responses produced by 
L-ENK. Three STT cells were tested, but 25 nA of 
naloxone reduced the L-ENK effect in only one cell; no 
effect was noted in the other cells. 

CCK was applied iontophoretically onto six STT cells. 
Five of these were classified as WDR cells and one as an 
LT cell. The Glu-induced responses of all of these cells 
were strongly inhibited. Tested on background activity, 
CCK inhibited two of two cells. Thresholds of 25 to 50 
nA were required to produce up to 89% inhibition. 

Both CCK and L-ENK were simultaneously applied 
iontophoretically after control responses to either of 
these agents alone on Glu-induced activity were ob- 
tained. The inhibitory effects of CCK and L-ENK were 
additive when both compounds were applied together. 
This observation was made in three of three STT cells. 

The additive inhibition of CCK and L-ENK is shown 
in Figure 7. In Figure 7A, L-ENK produced inhibition of 
pulsed Glu activity. In Figure 7B, CCK produced inhi- 
bition at 100 nA. When CCK and L-ENK were applied 
together, each at 100 nA, an even greater inhibition was 
observed. 

The effects of the peptides on Glu-induced, back- 
ground, and pinch-induced firing of the cells are sum- 
marized in Table I. 

Discussion 

Our finding that SP has a variety of actions on STT 
cells, depending upon dose or position of the iontopho- 
retie electrode, is intriguing. Previous studies of the 
action of iontophoretically applied SP have emphasized 
a delayed excitatory action on nociceptive neurons 
(Henry et al., 1975; Henry, 1976; Randic and Miletic, 
1977; Zieglgansberger and Tulloch, 1979a; Piercey et al., 
1980), although mixed excitatory and depressant actions 
have been described in both the spinal cord and the 
cuneate nucleus (Krnjevic and Morris, 1974; Henry et 
al., 1975; Davies and Dray, 1980). Recently, in an in vitro 
spinal cord preparation, bath application of SP has been 
found to produce a biphasic hyperpolarization and de- 
polarization of dorsal horn neurons (Murase et al., 1983). 

The delayed excitatory action of SP has been explained 
in a variety of ways, including slow diffusion of the 
peptide molecule through the extracellular space, an 
action on the metabolism of the postsynaptic neuron, or 
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Figure 4. M-ENK reduction of pinch-induced activity of an STT cell and reversal by naloxone. A, Responses of the cell to 

four gradations of mechanical stimuli applied to the cell’s receptive field. B, Location of cell and receptive field on ipsilateral 
foot. C, M-ENK applied during the period indicated slows the activity of this cell during pinching with a small clip. D, Lack of 
effect of M-ENK on pinch-evoked activity 10 min after systemic administration of naloxone (0.05 mg/kg). 

an indirect action through release of transmitter or po- 
tassium ions from presynaptic elements (Henry et al., 
1975;. Henry, 1976). Guyenet et al. (1979) have shown 
that the ejection of SP from micropipettes is delayed by 
the retaining current. The depressant action of SP on 
some interneurons has been ascribed to a current effect 
(Henry et al., 1975; Henry, 1976) or to a slowly devel- 
oping depolarization (Krnjevic and Morris, 1974). It 
seems more plausible to us that the depression is due to 
an inhibitory action of SP, in addition to its excitatory 
action. 

The two opposing actions of SP, excitation and inhi- 
bition, could be explained by two different SP receptors. 
Henry et al. (1975) mentioned the possibility that SP 
might have different sites of action, and there has been 
a report favoring the idea of multiple SP receptors (Fred- 
erickson et al., 1978). The possibility that SP was frag- 
menting into different active components in our elec- 
trodes has to be considered (cf. Gozlan et al., 1977), but 
we think that this is unlikely since the peptide was made 
up immediately before use. Another possibility is that 
SP acted in part directly on STT cells and in part 
indirectly through an action on adjacent interneurons or 
on axon terminals (cf. Puil, 1981). Supporting this idea 
is the observation of Murase et al. (1983) that the initial 
hyperpolarization of dorsal horn interneurons by bath- 
applied SP in a spinal cord slice preparation is blocked 
by agents that prevent synaptic transmission. However, 
the possibility of multiple SP receptors should be taken 
seriously in view of the increasing evidence for multiple 

receptors in the spinal cord for other peptides, such as 
the opioid peptides (Fields et al., 1980; Duggan et al., 
1981), as well as multiple classes of postsynaptic action 
(Barker et al., 1978). 

If there were multiple SP receptors, these might be 
associated with SP synapses from different sources onto 
dorsal horn interneurons. For example, SP is contained 
in synapses of primary afferent fibers, interneurons, and 
also axons of descending tracts on neurons in the dorsal 
horn (Hokfelt et al., 1975b, 1976; Chan-Palay and Palay, 
1977; Bowker et al., 1981; Hunt et al., 1981; Johansson 
et al., 1981; Gilbert et al., 1982). An attractive hypothesis 
would be that SP released from primary afferent fibers 
might excite STT cells, whereas SP released from inter- 
neurons and/or descending axonal projections might in- 
hibit STT cells. 

In addition to a postsynaptic action, SP may also have 
presynaptic effects (Rand% et al., 1982). 

However, not all of the complex actions of SP need to 
be explained on the basis of different sites of action of 
SP. The depression produced by SP following an initial 
excitation in Figure 2E could be mimicked by a large 
application of Glu, as shown in Figure 2B. A similar 
postexcitatory depression following Glu application onto 
dorsal horn interneurons has been attributed by Peet et 
al. (1983) to refractoriness due to prolonged firing of the 
cell. 

The inhibitory action of the enkephalins was not un- 
expected. Previous studies have shown that both M-ENK 
and L-ENK have a predominantly inhibitory action 
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Figure 5. Comparison of L-ENK and M-ENK effects on Glu-induced activity of a nociceptive dorsal horn neuron that projected 
to the contralateral upper cervical cord. A, Single-pass peristimulus time histogram demonstrating the responses of the cell to 
innocuous and noxious mechanical stimuli. B, Cell location and receptive field. This cell was recorded in a spinalized animal 
and, therefore, may not be an STT cell. C and D, L-ENK and M-ENK inhibition of pulsed Glu firing of the cell. 

when released iontophoretically near nociceptive dorsal 
horn interneurons (Duggan et al., 1977b, 1979; Randic 
and Miletic, 1978; Satoh et al., 1979; Zieglgansberger and 
Tulloch, 1979b). In our experiments, as in many previous 
studies, the inhibitory action of the enkephalins often 
had a slow onset and long duration. We found that 
systemically administered naloxone and iontophoreti- 
tally applied naloxone could often prevent the inhibitory 
action of the enkephalins. Thus, the inhibition was likely 
to have been mediated through an action on opiate 
receptors. The enkephalin effects were tested against 
responses to Glu pulses in most cases, and thus were 
presumably due to a postsynaptic action (Zieglgansberger 
and Tulloch, 1979b). Although emphasis has been placed 
in many studies on a presynaptic action of opiates on 
opiate receptors located on primary afferent terminals 
(LaMotte et al., 1976; Jesse11 and Iversen, 1977; Mac- 
Donald and Nelson, 1978; Mudge et al., 1979; Sastry, 
1979a; however, cf. Duggan et al., 1979), there is also 
ample evidence for a postsynaptic site of opiate action 
(Dostrovsky and Pomeranz, 1973; Zieglgansberger and 
Bayerl, 1976; Barker et al., 1978; Zieglgansberger and 
Tulloch, 197913; Hunt et al., 1980; Aronin et al., 1981; 
Ruda, 1982). 

The fact that there is an opiate-mediated synaptic 
mechanism in the spinal cord with an action on nocicep- 
tive dorsal horn neurons is of importance in the context 
of pain mechanisms. For example, it is known that 

analgesia can be produced by an action of opiates at the 
spinal cord level (reviewed by Yaksh, 1981) and that 
morphine and other opiates generally have inhibitory 
actions on nociceptive spinal cord interneurons (Dos- 
trovsky and Pomeranz, 1973, 1976; Belcher and Ryall, 
1978; Duggan et al., 1977a, 1981). 

It should be noted that, although iontophoretically 
applied morphine can excite some dorsal horn interneu- 
rons, this may in some cases be due to a toxic action of 
high concentrations of the drug (Duggan et al., 1977a; 
Belcher and Ryall, 1978; Piercey et al., 1980). Alterna- 
tively, excitation by morphine may be related to neuronal 
response properties, since it is most commonly observed 
when recordings are made from non-nociceptive cells 
(Belcher and Ryall, 1978). Systemically administered 
morphine results in excitation of some neurons in the 
substantia gelatinosa while inhibiting nociceptive neu- 
rons in deeper laminae (Woolf and Fitzgerald, 1981). 
Thus, analgesia could be due either to a depressant action 
of opiates on nociceptive neurons or to an excitatory 
action on inhibitory interneurons or both. There are a 
variety of opiate receptors, some of which are more 
sensitive to morphine and others to the enkephalins and 
other opioid substances; thus morphine may not always 
have the same action as other opiate substances acting 
at a spinal cord level. Peripheral nerve stimulation can 
cause the release of M-ENK-like immunoreactivity from 
the spinal cord (Yaksh and Elde, 1981), and it is likely 
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that opiate release is involved in the mechanism of 
several procedures involving peripheral nerve stimula- 
tion that cause analgesia, such as some forms of trans- 
cutaneous nerve stimulation and acupuncture (Sjolund 
and Eriksson, 1979; cf. Chung et al., 1983; Woolf et al., 
1980). 

We were surprised to find that CCK applied ionto- 
phoretically to STT cells resulted in an inhibition. It has 
recently been reported that CCK has an opiate antago- 
nist action (Faris et al., 1983) and that it excites dorsal 
horn interneurons (Jeftinija et al., 1981). On the other 
hand, Doi and Jurna (1982) found that intrathecally 
applied CCK had no effect on the responses of ascending 
(presumed STT) tract cells to A6 and C fiber volleys in 
the rat. By contrast, we found that both CCK and en- 
kephalin caused an inhibition of STT cells, and the 
actions summed. However, these findings should not be 
taken as conflicting with observations made at a behav- 
ioral ievel. The actions of CCK injected intrathecally 
could be quite complex and the end result may not be 
reflected in the discharges of a single population of 
ascending tract cells. 
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Figure 6. Comparison of 5-hydroxytryptamine (5HT) and L- 
ENK action on an STT cell. A and B, Single-pass peristimulus 
time histograms illustrating 5HT and L-ENK inhibition of 
pulsed Glu responses, respectively. C, Comparison of 5HT and 
L-ENK on pinch-evoked activity. 
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Figure 7. Effects of L-ENK and CCK on activity of STT 
cell. The location and receptive field characteristics of this cell 
are shown in Figure 2.4. A, L-ENK inhibition of Glu-induced 
responses. B, Inhibition of pulsed Glu responses by CCK and 
strong reduction of Glu responses by application of CCK and 
L-ENK simultaneously, both at 100 nA. 

The results of this study and those reported in the 
companion paper (Willcockson et al., 1984) show that 
primate spinothalamic tract cells can be excited or inhib- 
ited by a variety of candidate neurotransmitters found 
in synaptic endings of primary afferent fibers, interneu- 
rons, and descending tracts within the dorsal horn. A 
future task will be to determine in detail which neural 
systems make use of particular transmitters and how the 
activity of each system regulates the activity of spino- 
thalamic cells and hence, presumably, the transmission 
of information related to pain sensation to the thalamus 
and cerebral cortex. 
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