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A major advance in our conception of
the neural processing of pain has oc-
curred in the past decade. It has become
clear that information about tissue dam-
age is not passively received by the
nervous system, but is filtered, even at

dence to support it (2). The first impetus
for the detailed study of circuitry to
modulate pain resulted from the observa-
tion that electrical stimulation of the
brain could suppress the perception of
pain (3). Further investigation of stimula-

Summary. Research during the past decade has revealed the existence of neural
systems that modulateé pain transmission. Much of this work has focused on the role
of endogenous opiate systems, but tecent research indicates the involvement of
nonopiate mechanisms as well. In this article, we present data demonstrating that
opiate and nonopiate analgesia systems can be selectively activated by different
envirorimental manipulations and describe the neural circuitry involved. Both neural
and hormonal pathways and both opiate and nonopiate substances play roles in the
complex modulation of pain transmission. The existence and description of these
modulatory mechanisms have important clinical implications for the treatment of pain.

the first sensory synapse, by complex
modulatory systems (/). The discovery
of these systems has fostered, and in
turn been fostered by, the notion that the
central nervous system contains endoge-
nous substances, endorphins, having an-
algesic properties virtually identical to
opiates of plant and synthetic origin. In
this article, we examine the development
of these concepts and present new evi-
dence unequivocally demonstrating en-
vironmentally activated, endorphin-me-
diated, pain-modulating mechanisms in
the central nervous system. In addition,
we provide evidence that certain envi-
ronmental stimuli activate other, non-
opiate, pain-modulatory systems as well.
Finally, the existence of multiple pain-
modulatory systems is used to clarify the
bewildering profile of clinical observa-
tions resulting from various pain treat-
ments.

Historical Perspective

It has long been recognized that no
simple invariant relationship exists be-
tween stimulus intensity and the magni-
tude of pain perception. Earlier models
of pain perception recognized this phe-
nomenon despite the lack of direct evi-
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tion-produced analgesia (SPA) provided
considerable detail about the neural cir-
cuitry involved. Several similarities be-
tween these observations and informa-
tion emerging from a concomitant resur-
gence of interest in the mechanisms of
opiate analgesia (OA) were recognized.

These studies revealed that (i) effec-
tive loci for both OA and SPA lie within
the periaqueductal and periventricular
gray matter of the brainstem (4); (i) OA
and SPA are both mediated by the acti-
vation of a centrifugal control system,
the output of which descends via the
dorsolateral funiculus of the spinal cord
(5); and (iii) the ultimate inhibition of the
transmission of nociceptive information
occurs at the initial processing stages in
the spinal cord dorsal horn and homolo-
gous trigeminal nucleus caudalis by se-
lective inhibition of nociceptive neurons
). ,

In addition to these correlative obser-
vations, studies of SPA produced direct
evidence of mechanisms in the central
nervous system that depend on endoge-
nous opiates (7). (i) Subanalgesic doses
of morphine synergized with subanalge-
sic brain stimulation to produce behav-
ioral analgesia (7); (ii) tolerance, a phe-
nomenor invariantly associated with re-
peated administration of opiates, devel-
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oped to the analgesic effects of brain
stimulation (8); (iii) cross-tolerance de-
veloped between the analgesic effects of
brain stimulation and opiates (8); and (iv)
SPA was at least partially antagonized
by naloxone, a specific narcotic antago-
nist (9). This last observation, in particu-
lar, could be most parsimoniously ex-
plained if electrical stimulation resulted
in the release of an endogenous opiate-
like factor (10). Indeed, naloxone antag-
onism of SPA was a critical impetus
leading to the eventual discovery of such
a factor (J1).

Coincidental with work on SPA, an-
other discovery of critical importance for
our current concepts of endogenous an-
algesia systems was made. Several labo-
ratories almost simultaneously reported
the existence of stereospecific binding
sites for opiates in the central riervous
system (/2). These ‘‘receptor’’ sites
were subsequently shown to be localized
to neuronal synaptic regions (I3) and to
overlap anatomically with loci active in
the netiral processing of pain (/4). That
an opiate receptor exists suggested that
an endogenous compound with opiate
properties also exists. In 1974, Hughes
and Kosterlitz (/5) reported that they
had isolated a factor (enkephalin) with
such properties from neural tissue. Sub-
sequent work has characterized this and
other neural and extraneural compounds
with opiate properties (16). As with the
opiate receptor, the anatomical distribu-
tion of endogenous opiate ligands over-
laps with sites involved in pain process-
ing (I7).

Thus, the existence of an endogenous
OA system is suggested by several lines
of evidence. Electrical stimulation of the
brain produces analgesia. The anatomi-
cal structures and neural mechanisms
involved in SPA parallel those of OA,
and strong evidence exists that an endog-
enous opiate is involved in SPA. The
central nervous system contains opiate
binding sites and endogenous ligands ca-
pable of interacting with those sites.

Analgesia Produced by

Environmental Stimuli

The demonstration of a well-defined
neural system capable of potently block-
ing pain transmission suggests, but by no
means proves, that the function of this
system is to modulate the perceived in-
tensity of noxious stimuli. If this system
has such a physiological role, the amount
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of activity within the system might be
influenced by environmental stimuli.
Identifying environmental situations that
produce analgesia would give credence
to the idea that invasive procedures,
such as brain stimulation or nareotic
drugs, inhibit pain by mimicking natural
activity within these pathways. In addi-
tion to providing a more complete under-
standing of the centrifugal control of
pain, such information might suggest
ways of relieving pain by less invasive
means.

A systematic search for environmental
stimuli that activate pain-inhibitory sys-
tems was begun by Hayes et al. (18).
They discovered that potent analgesia
could be produced by such diverse stim-
uli as brief footshock, centrifugal rota-
tion, and injection of intraperitoneal hy-
pertonic saline. These effects seemed
specific to pain perception insofar as
normal motor behavior, righting and cor-
neal reflexes, vocalization, startle re-
sponses, and response to touch remained
unimpaired (18). Two additional con-
cepts emerged. First was the conclusion
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that exposure to stress was not sufficient
to produce analgesia. Although all envi-
ronmental stimuli producing analgesia
are stressors (19), the failure of classical
stressors, such as ether vapors and hori-
zontal oscillation, to inhibit pain indicat-
ed that stress was not the critical vari-
able (/8). Second was the unexpected
finding that the opiate antagonist nalox-
one did not block environmentally in-
duced analgesias (/8). Therefore, it ap-
peared that nonopiate systems must ex-
ist in addition to the opiate system de-
scribed earlier.

Although the stimuli studied by Hayes
et al. (I18) did not seem to activate an
opiate system, subsequent investigations
found clues that brain endorphins might
act in at least some types of environmen-
tally induced analgesias. Akil and co-
workers (20) studied the analgesic effects
of prolonged footshock. They found, in
contrast to the results of Hayes et al.
(18), that naloxone did partially antago-
nize the analgesia. This initial indication
of opiate involvement led Akil and her
colleagues to look for biochemical evi-
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Fig. 1. Evidence for opiate analgesia produced by brief front paw shock (A to C) and nonopiate
analgesia produced by brief hind paw shock (D to F). Endogenous opiates seem to mediate front
paw FSIA since it is significantly attenuated by systemic naloxone (A), 1 pg of spinal naloxone
(B), and morphine tolerance (C). Antagonism of front paw FSIA by systemic naloxone seems to
be a specific effect since naloxone doses as low as 0.1 mg per kilogram of body weight
significantly attenuate the analgesic state. In contrast, nonopiate systems mediate hind paw
FSIA since it fails to be significantly attenuated either by high doses (20 mg/kg) of systemic
naloxone (D), 1 pg of spinal naloxone (E), or morphine tolerance (F). *P < .05, **P < .01,

**xp <005, *FF*xP < 0005; one-tailed #-tests.
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dence that footshock released brain opi-
ates. They found that changes in brain
opiate levels paralleled the development
of footshock-induced analgesia (FSIA)
(20). When rats became tolerant to the
analgesic effects of footshock, brain opi-
ate concentrations returned to control
values (20). In agreement with these re-
sults, tritiated Leu-enkephalin binding
has been reported to decrease as analge-
sia increases (21). Although these data
show that opiates are released by foot-
shock, biochemical studies can provide
evidence only for a correlative, not a
causal, relationship between opiate re-
lease and analgesia.

The controversy over the involvement
of opiates in FSIA was resolved in part
by Lewis er al. (22), who wondered
whether the difference in duration of
footshock used by Hayes et al. (18) and
Akil et al. (20) might explain the differ-
ence in their results. By comparing the
effects of naloxone on analgesia pro-
duced by brief (3 minutes) and prolonged
(30 minutes) footshock, Lewis et al. (22)
showed that only the latter could be
blocked by naloxone. This suggested
that different analgesia systems become
active as the duration of footshock in-
creases.

Concurrently we observed during the
course of other experiments that brief
shock restricted to the front paws pro-
duced an analgesia that could be re-
versed by naloxone, as measured by the
tail-flick assay (23). We were puzzled by
this analgesia since Hayes et al. (18) and
Lewis et al. (22) found that brief shock
produced nonopiate analgesia. This led
us to use a blind procedure (24) to test
whether naloxone had different effects
on analgesia produced by shock to the
front paws as opposed to the hind paws
(25). We found that the effects of nalox-
one differed depending on the body re-
gion shocked. Front paw shock seems to
activate an opiate system, since low
doses of naloxone antagonized this anal-
gesia (Fig. 1A). In contrast, even high
doses of naloxone failed to reduce anal-
gesia induced by hind paw shock (Fig.
1D); a nonopiate system thus seems to
be involved in this response.

Definitive conclusions about opiate in-
volvement in neural systems are tenuous
when based exclusively on the effects of
narcotic antagonists, which hHave effects
on nonopiate systems as well (26, 27).
Thus additional lines of evidence are
required to infer that opiates mediate
front paw FSIA. If opiates are involved,
front paw FSIA should also be reduced
in rats made tolerant to opiates. To test
for such cross-tolerance between mor-
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phine analgesia and front paw FSIA, we
continuously infused rats with either
morphine or saline for 6 days (25, 28). At
this time, the rats infused with morphine
were tolerant to this opiate since 10
milligrams of morphine per kilogram of
body weight no longer produced analge-
sia. When the rats were tested for front
paw FSIA, analgesia was greatly re-
duced in morphine-tolerant rats (Fig.
1C). Since front paw FSIA shows cross-
tolerance with morphine and is antago-
nized by naloxone, the involvement of
an endogenous opiate system in this type
of analgesia stands on firm ground.

By the same procedure, we tested rats
for cross-tolerance between morphine
analgesia and hind paw FSIA (25). No
cross-tolerance was observed (Fig. 1F).
The absence of an effect of high doses of
naloxone (Fig. 1D) or morphine toler-
ance (Fig. 1F) on hind paw FSIA demon-
strates that this manipulation activates
an independent nonopiate analgesia sys-
tem. Since identical shock parameters
were used in the hind paw and front paw
experiments, these results show that fac-
tors other than exposure to stress deter-
mine whether nonopiate or opiate sys-
tems are activated.

We have studied both front paw and
hind paw FSIA to define how these
opiate and nonopiate environmental an-
algesias are produced. We will first look
at the opiate analgesia produced by front
paw shock. Several similarities will be
seen to exist between the opiate analge-
sias produced by front paw shock and
morphine.
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Opiate Analgesia Systems: New Data

The fact that endogenous opiates are
involved in front paw FSIA does not
prove that this effect is mediated by the
same circuitry as morphine analgesia. A
critical question was whether front paw
FSIA could be accounted for by release
of opiates from the pituitary or sympa-
thetic-adrenal medullary axis, since foot-
shock causes opiate release from these
sites (/9). Since hypophysectomy failed
to reduce front paw FSIA (Fig. 2) (29),
pituitary B-endorphin is not necessary
for front paw FSIA. Since adrenalecto-
my and sympathetic blockade actually
potentiated front paw FSIA (29), this
analgesia is not produced by opiates
from the sympathetic nervous system.
These data strongly suggest that front
paw FSIA, like morphine analgesia, op-
erates through opiate pathways within
the central nervous system.

On the basis of these results, we began
to search for the neural pathways in-
volved in front paw FSIA. Since the
spinally mediated tail-flick reflex is in-
hibited by front paw footshock, the cir-
cuitry for the observed inhibition either
exists entirely within the spinal cord or
results from the activation of a centrifu-
gal control system in the brain that then
descends to the spinal cord. We there-
fore examined the effects of spinal cord
lesions (30), and found that front paw
FSIA is abolished by lesions of the dor-
solateral funiculus (DLF) of the spinal
cord (Fig. 3). High cervical (C3) DLF
lesions leave all potential pathways in-
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tact between the front paws, which re-
ceive the stimulus, and the tail, which is
tested for pain sensitivity (Fig. 4). Since
high cervical DLF lesions abolish front
paw FSIA, analgesia is not produced
through direct intraspinal pathways.
Therefore, front paw shock, like mor-
phine (§), activates areas within the brain
that inhibit pain via descending path-
ways within the DLF. Furthermore, we
have shown with brain lesion studies
that, for front paw FSIA as well as
morphine analgesia, this descending
DLF pathway arises from the nucleus
raphe alatus (3/-33). In addition, we
have shown that all of the critical circuit-
ry for this analgesic effect exists below
the level of the mesencephalon, since
midcollicular decerebration has no ef-
fect on the analgesia (33).

At this point, front paw FSIA has been
characterized as a neural, opiate-mediat-
ed phenomenon; analgesia is produced
by activating brain sites that inhibit pain
by way of descending pathways within
the DLF. Yet none of this information
pinpoints the location of the opiate syn-
apse. To determine the possible involve-
ment of a spinal cord site of action,
intrathecal catheters were implanted
such that the tips ended at the lumbo-
sacral enlargement. Naloxone could be
delivered to the level of the spinal cord
controlling the tail-flick reflex, the be-
havioral measure used to assess pain
threshold. Immediately before front paw
shock, rats were injected with either
saline or 1 microgram of naloxone. Spi-
nal naloxone significantly antagonized
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Fig. 2 (left). Effect of hypophysectomy on front paw (A) and hind paw FSIA (B). The failure of hypophysectomy to reduce FSIA in animals with
lesions demonstrates that pituitary g-endorphin and other pituitary factors are not necessary for the production of analgesia. These data, plus the
failure of adrenalectomy to reduce FSIA, suggest that these analgesic effects are mediated by neural rather than hormonal pathways. Fig. 3
(right). Effect of bilateral DLF lesions and spinal transection on front paw (A) and hind paw FSIA (B). (A) Bilateral DLF lesions at either the sec-
ond thoracic (72) or third cervical {C3) vertebral levels virtually abolish front paw FSIA. Since DLF lesions at C3 leave intact all potential
intraspinal connections between the level of stimulus input (front paws) and the lumbosacral cord (controlling the tail-flick response), direct-
intraspinal pathways cannot be involved in this analgesic response; pain inhibition must be mediated by supraspinal sites that inhibit pain via
descending pathways within the DLF. (B) Bilateral DLF lesions at T2 attenuate, but do not abolish, hind paw FSIA. Immediately after shock
termination (0 minute), profound analgesia was observed, which then slowly dissipated. No further significant reduction in analgesia was
observed after T2 spinal transection. These results imply that descending pathways involved in hind paw FSIA exist only within the DLF and that
intraspinal pathways account for the remaining analgesia. '
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front paw FSIA (Fig. 1B). This effect
cannot be attributed to a spread of the
drug to the brain since the same dose
delivered to the high thoracic cord (far-
ther from the level controlling the tail-
flick reflex yet closer to the brain) failed
to reduce front paw FSIA. These experi-
ments demonstrate that an opiate syn-
apse critical to the production of front
paw FSIA exists within the spinal cord
(34).

One intriguing aspect of this effect is
that naloxone can prevent, but cannot
reverse, front paw FSIA (Fig. 5). When
this opiate antagonist was injected onto
the spinal cord immediately after the
brief (90 seconds) shock, analgesia was
not reduced (34). Naloxone was effective
only if delivered befpre analgesia was
induced. This result implies that briefly
activating the system causes activity
within the spinal cord to perseverate
independently of continued opiate re-
lease. These results lead us to speculate
that these endogenous spinal opiates
may act as neuromodulators of postsyn-
aptic activity, rather than as classical
neurotransmitters.

In summary, front paw shock pro-
duces a neural OA which depends on a
pathway originating within the nucleus
raphe alatus and descending through the
DLF (Fig. 6). In turn, these descending
DLF axons activate, either directly or
indirectly, a critical opiate synapse with-
in the cord. Once this spinal circuitry is
activated by the endogenous opiate, the
neural response may perseverate inde-
pendent of further opiate release. As will
be seen in the next section, the neural
basis of hind paw and front paw FSIA
are distinct.

Nonopiate Analgesia Systems: New Data

A parallel series of experiments exam-
ined the nonopiate analgesia produced
by hind paw shock. We found that this
effect is also neurally, rather than hor-
monally, mediated, since analgesia was
not reduced by removal of the pituitary
(Fig. 2) or the adrenal glands (29). This
result led to studies aimed at identifying
the neural substrates of hind paw FSIA.
Spinal lesion studies (30) showed that
this effect, like front paw FSIA, is medi-
ated through descending pathways with-
in the DLF (Fig. 3). However, since
lesions of the nucleus raphe alatys failed
to abolish hind paw FSIA, the neural
substrate of this effect is distinct from
that of front paw FSIA (33). A further
difference between the analgesias pro-
duced by front paw and hind paw shock
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Fig. 4. The neural circuitry of front paw (A)
and hind paw FSIA (B). (A) The demonstra-
tion that both T2 and C3 DLF lesions virtually
abolish front paw FSIA implies that direct
intraspinal pathways cannot be involved in
this pain inhibition, since any potential neural
pathway between the front paws (which re-
ceive the shock) and tail (which is tested for
analgesia) remains intdct after C3 lesions.
Therefore, front paw shock activates supra-
spinal structures that mediate analgesia via a
descending pathway lying within the DLF.
Antagonism of front paw FSIA by intrathecal
naloxone indicates that a critical opiate syn-
apse exists within the spinal cord. (B) Hind
paw FSIA is also mediated, in part, by an
ascending-descending loop, since T2 DLF le-
sions significantly attenuate, but do not abol-
ish, hind paw FSIA. Unlike front paw FSIA,
hind paw FSIA is also mediated by intraspinal
pathways, since significant and prolonged an-
algesia is observed after T2 spinal transection.
Abbreviations: £O, endogenous opiate; NRA,
nucleus raphe alatus.
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Fig. 5. The differential effect of naloxone
delivered before and after the induction of
front paw FSIA. Delivery of 1 pug of naloxone
to the lumbosacral cord immediately before
brief front paw shock significantly attenuates
subsequent analgesia. In contrast, this same
dose delivered less than 1 minute after front
paw shock failed to attenuate the analgesia.
The failure of naloxone delivered after shock
to be effective at any time during the 14-
minute test is in no way accounted for by the
temporal delay of the naloxone injection
since, at maximum, there was only a 4-minute
difference in the time that these two groups
received the drug. *P < .05, **P < .01,
#*%P < 005, One-tailed ¢-tests. Symbols: O,
saline controls; O, naloxone after shock; @,
naloxone before shock.

is that hind paw FSIA is only reduced,
not abolished, by DLF lesions. There-
fore, it seemed possible that the exis-
tence of a second descending pathway
could account for the potent analgesia
remaining. However, a comparison of
hind paw FSIA in animals with transect-
ed spinal cords or DLF lesions indicated
that an intraspinal, rather than descend-
ing, pain-inhibitory system is responsible
for the analgesia observed after DLF
lesions, since transecting the spinal cord
did not further reduce the pain-inhibitory
effects of hind paw shock (Figs. 3 and 4).
Thus, segmental circuitry and descend-
ing pathways within the DLF account for
the entire analgesic response to hind paw
shock (Fig. 6). As with front paw FSIA,
the supraspinal component of hind paw
FSIA is mediated below the level of the
mesencephalon, since it is unaffected by
decerebration (33).

Plasticity In Analgesia Systems:
New Data

An intriguing aspect of FSIA is that
plasticity exists in the neural circuitry.
Using a Pavlovian classical conditioning
paradigm, Hayes et al. (/8) found that
rats readily associated environmental
cues with the delivery of shock, and
learned to activate their endogenous
pain-inhibitory systems when these cues
were presented. In that study, the non-
electrified shock chamber was the condi-
tioned stimulus (CS), grid shock deliv-
ered to all four paws was the uncondi-
tioned stimulus (UCS), and tail-flick in-
hibition was the unconditioned response
(UCR). After CS-UCS pairings, expo-
sure to the nonelectrified grid reliably
induced analgesia.

Since we have now demonstrated that
front paw FSIA is mediated through a
well-defined centrifugal opiate pathway,
we used brief front paw shock as the
UCS in a classical conditioning proce-
dure to determine whether plasticity ex-
ists in opiate systems (30). The following
section summarizes the evidence that
animals can learn to activate their endog-
enous opiate systems to inhibit pain.

Exposure to the nonelectrified grid
(CS) produced potent analgesia after be-
ing paired with front paw shock (Fig. 7)
(35). The observation that classically
conditioned analgesia can be antago-
nized by systemic naloxone (Fig. 7),
spinal naloxone, and morphine tolerance
suggests that animals learn to activate an
endogenous opiate system (30). Mainte-
nance of the analgesic state again seems
to be independent of continued opiate
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release. As with front paw FSIA (Fig. 5),
we have observed that naloxone can
prevent, but cannot reverse, classically
conditioned analgesia (30).

Although opiate (front paw) and non-
opiate (hind paw) FSIA can be differen-
tially elicited, classically conditioned an-
algesia seems always to involve opiate
pathways regardless of the body region
shocked during conditioning trials. Clas-
sically conditioned analgesia can be an-
tagonized by naloxone regardless of
whether front paw or hind paw shock is
used as the UCS (Fig. 7) (30).

The OA produced by these classical
conditioning procedures seems to be
neurally, rather than hormonally, medi-
ated, since it is not attenuated by either
hypophysectomy or adrenalectomy (29).
Furthermore, classical conditioning in-
volves supraspinal circuitry, since our
studies have shown that conditioned an-
algesia is abolished by bilateral DLF
lesions (30). As with front paw FSIA,
lesions of the nucleus raphe alatus abol-
ish the effect. As might be expected with
a higher order behavior, however, de-
cerebration abolishes the effect as well
(33). Finally, the role of the periaque-
ductal gray matter in the neural circuitry
of endogenous analgesia systems is be-
ginning to become clear, since lesions
there reduce the conditioned effect, but
not the acute effects of footshock (Fig. 6)
33).

Multiple Pain Inhibitory Systems

These studies of front paw FSIA, hind
paw FSIA, and classically conditioned
analgesia provide strong support for the
existence of multiple endogenous pain-
modulatory systems within the central
nervous system. At least three systems
have been identified (Figs. 4 and 6). The
first two pathways, which mediate the
neural nonopiate analgesia observed af-
ter hind paw shock, consist of an intra-
spinal pathway and a descending DLF
pathway with supraspinal origin. The
third is a neural OA produced by front
paw shock or by classical conditioning
with front paw or hind paw shock as the
UCS. This OA acts solely via descending
pathways within the DLF and depends
on an opiate synapse within the spinal
cord. Thus, front paw FSIA and classi-
cally conditioned analgesia provide the
first unequivocal demonstrations of neu-
ral opiate pathways activated in re-
sponse to environmental stimuli.

A review of the literature, however,
indicates that even these three systems
do not account for all of the pain inhibi-
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tory responses reported. Currently avail-
able evidence indicates that four classes
of analgesia exist: neural-opiate, hormo-
nal-opiate, neural-nonopiate, and hormo-
nal-nonopiate (Table 1).

The neural-opiate class includes the
analgesia produced by morphine, electri-
cal brain stimulation, front paw shock,
and classical conditioning. The analge-
sias induced by these manipulations are
strikingly similar (Table 1); none is
attenuated by removal of the pituitary or
adrenal glands, and each is reduced or
abolished by naloxone, morphine toler-
ance, and DLF lesions. Although contro-
versy exists regarding the role of the
nucleus raphe alatus in the analgesia
produced by electrical brain stimulation
and systemic morphine (36), recent stud-
ies in our laboratory have demonstrated
that lesions of this area virtually abolish
analgesia produced either by morphine
microinjection into the periaqueductal
gray matter or by front paw shock (32,
33). Thus, at least one neural opiate
system seems to activate centrifugal pain
inhibitory pathways originating within
the nucleus raphe alatus and descending
within the DLF of the spinal cord.

Analgesia produced by electrical brain
stimulation is a special case in that it
belongs to two classes—neural-opiate

Fig. 6. Neural circuitry medi-
ating front paw (FP) (opiate)
FSIA, hind paw (HP) (nonopi-
ate) FSIA, and classically con-
ditioned (opiate) analgesia.
Front paw shock activates the
nucleus raphe alatus (NRA)
within the ventral medulla.
This nucleus sends a descend-
ing projection through the
DLF to the dorsal horn of the
spinal cord. In turn, endoge-
nous opiates are released, in-
hibiting pain transmission neu-
rons (PTN). Hind paw shock
inhibits pain transmission neu-
rons via two nonopiate path-
ways: an intraspinal pathway
and a descending DLF path-
way. The latter originates
from the nucleus raphe alatus
and from some other yet un-
identified medullary area or
areas. Classically conditioned
(opiate) analgesia seems to re-

Peripheral
nerve
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and neural-nonopiate. Although mor-
phine analgesia and SPA are similar (/),
brain stimulation seems to activate both
opiate and nonopiate pain-inhibitory sys-
tems. Naloxone has a variable effect on
SPA ranging from no effect to complete
reversal (37). Part of this variability is
accounted for by the site of stimulation.
Prieto et al. (38) have reported that stim-
ulation sites ventral to the dorsal raphe
support an analgesia that naloxone can
reverse, whereas SPA elicited from more
dorsal areas cannot be reversed by this
opiate antagonist. The fact that cross-
tolerance between morphine analgesia
and SPA is incomplete implies that a
nonopiate component exists for SPA (8).

Nonopiate mechanisms are involved
in other neural analgesia systems as well.
Naloxone and morphine tolerance fail to
attenuate the analgesia induced by brief
shock of either the hind paws or all four
paws (Table 1). Although the neural sub-
strates of these analgesias have not been
as well characterized, hind paw FSIA is
known to be significantly attenuated by
bilateral DLF lesions. Thus, for every
analgesic manipulation studied to date,
the DLF seems to be a final common
pathway for neural pain-inhibitory sys-
tems.

Exclusively neural opiate and non-

Rostral
centers ¢
+ +
+¥
PAG
+I
Medulla Medulla +
(NRA) (NRA,other |~
nuclei) <
+
DLF DLF
S+

sult from activation of the ending
same output pathway as front
paw (opiate) FSIA. After con- <~

ditioning trials in which the
conditioned stimulus is paired
with either front paw or hind
paw shock (the unconditioned
stimulus), the conditioned

-V -
HP
.<|]. - shock

Dorsal horn

stimulus becomes capable of activating rostral centers in the brain, which, in turn, activate the
periaqueductal gray (PAG) and subsequently the nucleus raphe alatus. This results, via a
descending DLF pathway, in the release of endogenous opiates within the dorsal horn,

producing analgesia.
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opiate pathways cannot account for all of
the types of analgesia that have been
observed. Phenomena such as acupunc-
ture analgesia, analgesia produced by
prolonged shock of all four paws, and
immobilization-induced analgesia are
distinguishable from neural analgesias
since removal of the pituitary or adrenal
glands attenuates or abolishes their pain-
inhibitory effects (39). These three types
of analgesia constitute the hormonal-opi-
ate class (Table 1) since each requires
endogenous opiates, in addition to endo-
crine factors, to inhibit pain. Beyond this
point, however, the underlying bases of
these phenomena are far from under-
stood. (i) The critical hormone or hor-
mones involved in the production of an-
algesia have yet to be unequivocally
identified for any of these manipulations.
(ii) It is not known whether these humor-
al agents act directly at the level of the
spinal cord to inhibit pain or whether

they activate supraspinal sites which
produce analgesia via descending neural
pathways. Activation of descending
pathways does seem to underlie at least
one form of hormonal-opiate analgesia
since DLF lesions partially block the
analgesic effect of acupuncture in rabbits
(40). If the mediation of acupuncture by
descending DLF pathways proves to be
indicative of this class, the distinction
between hormonal-opiate and neural-
opiate analgesia may simply be a differ-
ence in the mechanism by which supra-
spinal pain modulation systems are acti-
vated.

The endocrine system also seems to be
involved in hormonal-nonopiate analge-
sia since members of this class depend
on the integrity of the pituitary gland
(Table 1) (41). Beyond this point, howev-
er, virtually nothing is known regarding
the underlying bases of these analgesic
effects.

Clinical Relevance of Endogenous Pain

Inhibitory Systems

Much experimental evidence has ac-
cumulated regarding endogenous pain-
modulation systems in animals. These
systems may also modulate pain in hu-
mans. A number of distinct modulatory
systems have been identified under con-
trolled laboratory conditions. In the
more naturalistic circumstances of clini-
cal research, it is likely that more than
one of these systems may be active at
any given time, which may account for
the variability and controversy in the
clinical literature.

Endogenous pain-modulatory systems
may be active in at least two situations in
humans. The first involves the basal,
tonic activity within these systems and
allows the experimenter to assess wheth-
er pain inhibition occurs continuously, at
least to some degree. The second in-

Table 1. Summary of available data on endogenous analgesia systems (7, 20, 40). A review of the literature reveals that four classes of analgesic
manipulations can be identified. The criteria used to classify analgesia as opiate include naloxone reversibility and cross-tolerance to morphine.
Hormonal analgesia is attenuated by adrenalectomy, adrenal demedullation, or hypophysectomy. These latter criteria were chosen since all
environmental stimuli which produce analgesia activate the pituitary—adrenal cortical and sympathetic-adrenal medullary axes. Brain stimulation
is listed in two classes since it can apparently activate both opiate and nonopiate pain inhibitory pathways. The most comprehensive data on the
neural substrates of these various analgesic responses are available on the effect of lesions of the DLF, nucleus raphe alatus (NRA), and
periaqueductal gray (PAG). Since DLF lesions attenuate all analgesic manipulations tested, the DLF may form the final common pathway for
endogenous pain inhibitory systems. Symbols: 1, potentiation; | , attenuation; 0, no effect; ?, conflicting data exist indicating either no effect or
attenuation; blank, no data are available; ®, inappropriate category.

Similarity to opiates

Neural lesions

Endocrine lesions

Classes -
of e thecal  tolerance Adre-  Adrenal  Hypoph-
analgesia nalox- nalox- (cross- DLF NRA PAG nalec- demt_adul- ysec-
tomy lation tomy
one one tolerance)
Neural-opiate
Brief front paw shock l l ! ! ! 0 1 0
Conditioning to footshock l l ! ! ! ! 1 0
Systemic morphine l l l l ? ? 0 0 1
Intracerebral morphine ! ? ! l 1 2 0 . 0
Intrathecal morphine l l l ] . ° . . .
Brain stimulation ! ! l ? ?
Hormonal-opiate
Acupuncture l 0 ! l l
Prolonged four paw shock l ! ! ! l
Immobilization l l
Neural-nonopiate
Brief hind paw shock 0 0 0 l ? 0 0 0
Brief four paw shock 0 0 0 0 1
2-Deoxy-D-glucose ? l 0 0
Brain stimulation 0 0 ! ? ?
Hormonal-nonopiate
Cold water swims 0 0 l
Insulin )
Unknown-opiate
Transcutaneous nerve stimulation l
(low frequency, high intensity)
Food deprivation !
Unknown-nonopiate
Transcutaneous nerve stimulation 0
(high frequency, low intensity)
Hypnosis 0
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volves clinical manipulations that at-
tempt to activate pain-inhibitory sys-
tems. We will first examine whether
these systems are tonically active and
then consider the involvement of opiate
and nonopiate analgesia systems in acu-
puncture, transcutaneous electrical nerve
stimulation, hypnosis, and placebo ef-
fects.

Attempts have been made to deter-
mine whether pain-modulatory systems
are tonically active. All of these studies
have examined the effect of opiate antag-
onists on pain perception. These data
reflect only on the potential involvement
of opiate systems. Involvement of non-
opiate systems cannot yet be assessed,
since the pharmacological bases of non-
opiate analgesia are not understood.

The assumption made by these studies
has been that administration of opiate
antagonists should alter the perception
of pain if opiate systems are tonically
active (26, 27). This change in pain per-
ception would be recorded either as a
decreased pain threshold or an increased
level of ongoing pain. In general, howev-
er, naloxone has failed to affect pain
thresholds of normal human volunteers
(42, 43). In contrast to these negative
results, Buchsbaum et al. found that
naloxone lowered the thresholds of sub-
jects with naturally high pain thresholds,
yet had no effect in subjects with low
pain thresholds (44).

Naloxone does appear to increase pain
when delivered to experimental subjects
who are already experiencing some level
of clinical pain (45, 46). Therefore, in this
situation, spontaneous activity of an en-
dogenous opiate analgesia system oc-
curs. Ongoing pain is one factor that
seems to activate this system. In this
regard, these results are consistent with
animal studies in which pain activated
endogenous analgesia systems.

Clinical pain is treated with diverse
manipulations. Most were developed be-
fore the recent explosion of information
about endogenous pain control systems.
Indeed, many evolved from theoretical
approaches that are now outdated or
incorrect. Nevertheless, the procedures
are useful, and it may be informative to
reexamine them in the light of current
knowledge.

Counterirritation, Acupuncture, and
Transcutaneous Nerve Stimulation

The belief that counterirritation—an
acute, painful stimulus—can be used to

alleviate ongoing pain has been held
since antiquity (47). This procedure has a
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cally conditioned analgesia was antagonized by systemic naloxone, regardless of whether front
paw or hind paw shock was delivered during conditioning. These data, in addition to the
observation that classically conditioned analgesia shows cross-tolerance to morphine, indicate
that the animals learn to activate endogenous opiate systems.

great deal in common with acupuncture
and transcutaneous nerve stimulation.
All use the application of somatic stimu-
li, either noxious or innocuous, to obtain
relief from pain. A reliable characteristic
of the pain relief produced by these
procedures is that it persists beyond the
period of treatment. The site of treat-
ment in relation to the painful area is
variable, ranging from the painful derma-
tome itself to a theoretically unpredict-
able constellation of points in classical
Chinese acupuncture. The duration of
treatment varies from less than a minute
to hours. All of these factors are impor-
tant determinants of the effects produced
by footshock in animals. Thus, the high-
ly variable effects observed in the clinic
would be predicted from animal re-
search. Nevertheless, human data sug-
gest the involvement of the systems de-
scribed above.

The involvement of an opiate system
in these analgesias was, to our knowl-
edge, first suggested by Mayer et al. (10,
43), who showed that the increased pain
thresholds produced by traditional acu-
puncture in human subjects could be
completely reversed by naloxone. Other
investigators (48, 49) found that nalox-
one only partially reduced electroacu-
puncture analgesia. The differences in
the magnitude of the effects seen in these
studies are enlightening when animal
studies described above are considered.
Mayer et al. (10, 43) used the ho-ku
points in the hands to induce analgesia in
the teeth, acupuncture points far re-
moved from the painful region. In con-
trast, Chapman and Benedetti (48) stimu-
lated the face to produce analgesia in the
teeth and saw only a small effect of
naloxone. Thus, it seems likely that, as
in animal experiments, stimulation of
regions adjacent to the painful area acti-

vates nonopiate analgesia systems,
whereas stimulation of distant derma-
tomes activates opiate systems.

Other variables of stimulation also
seem critical in determining whether opi-
ate or nonopiate systems are involved.
Sjolund and Eriksson (49) have shown
that high-frequency-low-intensity and
low-frequency-high-intensity nerve stimu-
lation can both alleviate clinical pain.
However, only the analgesia produced
by low-frequency-high-intensity stimu-
lation could be reversed by naloxone.
From this work, it seems that noxious
stimulation is required for the activation
of opiate inhibitory systems. In fact, that
acupuncture and transcutaneous nerve
stimulation should be painful to produce
maximal effects has been pointed out
(50).

Acupuncture and transcutaneous stim-
ulation seem to be forms of counterirrita-
tion activating both opiate and nonopiate
systems. The variable clinical outcomes
observed probably result from differen-
tial recruitment of segmental, extraseg-
mental, opiate, and nonopiate pain-in-
hibitory systems, all of which are now
known to be activated by these types of
stimulation in animals.

Hypnosis and Placebo Analgesia

Until recently, the neural mechanisms
underlying the pain-alleviating effects of
hypnosis and placebo were attributed to
mysterious or psychological processes.
The uncovering of neural systems that
modulate pain transmission, however,
has led to some attempt to integrate
these phenomena into a scientific frame-
work.

The neural mechanisms involved in
hypnotic analgesia present a difficult
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problem for analysis since hypnosis is
probably a uniquely human phenome-
non. This severely restricts the experi-
mental manipulations used to study it.
Nevertheless, some progress has been
made in evaluating the role of opiate
analgesia systems in hypnotic analgesia.
The approach has been to administer
naloxone to humans in whom hypnotic
analgesia has been induced. Presumably,
if an opiate mechanism mediates analge-
sia, naloxone should reverse the effect.
Two independent attempts to reverse
hypnotic analgesia with naloxone have
failed (57, 52). In one of these, Barber
and Mayer (51) followed a procedure
identical to one in which acupuncture
analgesia was reversed by naloxone (43).
Thus, hypnosis seems to differ from acu-
puncture, and it induces its effects
through nonopiate mechanisms.

Naloxone has also been used to exam-
ine whether endogenous opiates are in-
volved in placebo analgesia. Levine and
co-workers (46) reported that naloxone
antagonized placebo effects. Although
this conclusion has been questioned on
technical grounds (53), to our knowl-
edge, no conflicting data have been pub-
lished. The possibility that opiates are
involved in some aspect of placebo anal-
gesia seems reasonable since footshock
analgesia can be classically conditioned
in rats. Placebo analgesia can be con-
ceived of as a classical conditioning pro-
cedure wherein the placebo manipula-
tion (injections, pills) is the CS and prior
medication or treatment is the UCS.

Although explanations of this sort are
speculative, they indicate the wealth of
concepts from experimental pain re-
search now available for clinical evalua-
tion. Our increasing knowledge of pain-
modulatory systems has the potential not
only of providing explanations of current
therapies but of suggesting new ap-
proaches to control pain. The preponder-
ance of current pain therapies involve
either the surgical destruction of neural
tissue or the use of addictive drugs. Such
procedures offer difficulties for the pro-
longed treatment of chronic pain. If mul-
tiple pain-inhibitory systems could be
activated pharmacologically or other-
wise in an alternating sequence, the
problems of tissue destruction and addic-
tion could be circumvented.
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