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Anatomy and physiology of a nociceptive modulatory system
By H. L. FieLps AND MAarRYy M. HEINRICHER

Departments of Neurology and Physiology, Unwversity of California, San Francisco,
‘ California 94143, U.S.A.

Although efferent control of sensory transmission is a well-established concept, a
specific network for nociceptive modulation has only recently been discovered. This
network includes interconnected components at midbrain, medullary and spinal
levels. At the midbrain level, electrical stimulation of the periaqueductal grey (p.a.g.)
inhibits spinal neurons that respond to noxious stimuli as well as nociceptor-induced
reflexes and escape behaviour in a variety of species. Midbrain stimulation also
produces analgesia in patients with clinically significant pain. The rostral ventral
medulla (r.v.m.) has similar behavioural and physiological effects and mediates
midbrain antinociceptive actions at the level of the spinal cord.

Endorphins are present at all levels of this nociceptive modulating network. Opiate
microinjections at p.a.g., r.v.m. or spinal levels produce analgesia, presumably by
mimicking the actions of the endorphins. The nociceptive modulatory system is
diffusely organized, highly interconnected and appears to act as a unit whether
activated by opiates or electrical stimulation.

There are two classes of r.v.m. neurons the activity of which is correlated with the
occurrence of reflexes induced by noxious stimulation. One class (the on-cell)
accelerates, the other class (the off-cell) pauses just before tail flick. Both classes project
to the spinal cord and are excited by electrical stimulation of the midbrain. However,
when morphine is injected either systemically or into the p.a.g., the off-cell is excited
and the on-cell stops firing. The off-cell is probably the r.v.m. output cell that inhibits
nociceptive transmission at the level of the spinal cord. The function of the on-cell
is not clear. :

The nociceptive modulatory system can be activated by a variety of stressful
environmental factors, which are often, but not necessarily, noxious. The idea that
the system acts as a simple negative feedback circuit is not consistent with its known
properties.
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Modulatory networks belong to a class of neural system that is distinct from the well-recognized
motor and sensory pathways. The nociceptive modulatory system is perhaps the most
completely described example of this class. Activation of this system in the absence of noxious

stimulation produces neither overt behaviour nor sensation. However, activation of this system
in the presence of noxious stimulation prevents the expected escape or withdrawal responses
and reduces the intensity of perceived pain.

The concept of efferent or descending modulation of sensory transmission is not new.
Anatomical studies have established that sensory relay nuclei such as the spinal cord dorsal
horn, the dorsal column nuclei and ventrobasal thalamus receive major input from more rostral
centres (Brodal 1981). Early physiological studies demonstrated that descending pathways
influence afferent transmission (Hagbarth & Kerr 1954; Wall 1967; Pompieano 1973 ; Satoh
& Takagi 1971), but there was no direct evidence for specific control of pain sensation. In 1911,
Head and Holmes postulated that the cortex inhibits thalamic responses to noxious input. They
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based this conclusion on careful clinical studies that revealed the paradoxically painful sequelae
of damage to somatosensory pathways. Melzack & Wall (1965), citing similar clinical
observations plus a body of neurophysiological data, proposed a detailed neural mechanism
to explain the variability of pain. According to their ‘gate-control’ hypothesis, pain sensation
requires a certain balance of input from large and small diameter primary afferents to
rostrally-projecting dorsal horn ‘trigger cells’ whose output results in withdrawal responses and
pain sensation. Melzack & Wall also postulated an efferent ‘central control trigger’, of
supraspinal origin which was activated by rapidly conducting somatosensory pathways and
which could alter nociceptive transmission by shifting the effective balance of input to the dorsal
horn trigger cells.

The theories of Head & Holmes and of Melzack & Wall primarily emphasized physiological
interactions between the different components of the somatosensory pathway. More recent
theories have instead proposed a nociceptive modulatory system which is separate from the
somatosensory afferent pathways. In fact, there is direct evidence that such a specific
nociceptive modulatory system contributes significantly to the variability of clinical pain. It
has been shown that electrical stimulation of the midbrain periaqueductal gray (p.a.g.) in
animals can reliably and selectively inhibit the tail flick reflex and other escape behaviours
produced by noxious stimuli (Reynolds 1969; Mayer & Liebeskind 1974; Mayer & Price 1976).
This demonstration of stimulation-produced analgesia (s.p.a.) was both unexpected and
dramatic. It was important for two reasons. First, it established that selective modulation of
pain is a separable function of the brain. Second, it showed that a discrete midbrain structure
could be associated with that function.

Our continued progress in understanding nociception can in part be attributed to the fact
that noxious stimuli elicit stereotyped withdrawal reflexes in animals which can be correlated
with pain sensation in man. Likewise, correlation of the blockade of these reflexes with human
pain relief has opened the way for analysis of the neural mechanisms underlying analgesia. For
example, the tail flick reflex in the rat is produced at temperatures that are painful in man.
The rank order of potency of opiate analgesics for inhibiting this reflex is the same as their rank
order of analgesic potency for alleviating clinically significant pain in man (D’Amour & Smith
1941; Grumbach & Chernov 1965). Similarly, p.a.g. stimulation, which inhibits responses to
noxious stimulation in animals, reduces the severity of clinical pain in humans with no other
consistent disturbance of neural function (Hosobu‘clii et al. 1977; Richardson & Akil 1977).

1. ANATOMY OF NOCICEPTIVE MODULATING NETWORKS

Studies mapping the effective sites for s.p.a. in a variety of species have concentrated on the
medial mesodiencephalic and the rostroventral pontomedullary regions, in particular the
midbrain periaqueductal grey (p.a.g.) and the medullary nucleus raphe magnus (n.r.m.). It
is clear, however, that the functionally significant brainstem regions for s.p.a. do not respect
the cytoarchitectonic boundaries of these two nuclei. The anatomy of these two interconnected
brainstem regions has recently been reviewed in detail (Basbaum & Fields 1984) and will be
briefly described below.

Inhibition of spinal reflexes and neuronal responses induced by noxious stimuli can be elicited
from sites throughout the p.a.g. Because of problems with current spread, the resolution of
available mapping studies does not permit an exact delineation of the behaviourally significant
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midbrain regions. In any case, cell somata and not fibres of passage are clearly critical for s.p.a.
because inhibition of nocifensor reflexes such as tail flick and paw withdrawal can also be
obtained by glutamate (Behbehani & Fields 1979) or opiate (Yaksh 1978) microinjection.

Although the inhibitory effects of p.a.g. stimulation on spinal reflexes are blocked by lesions
of the dorsolateral funiculus (d.1.f.) (Basbaum et al. 1976), the great majority of p.a.g. cells do
not project directly to the spinal cord via the d.1.f. (Basbaum & Fields 1979; but see Mantyh
& Peschanski 1982). The p.a.g. does, however, provide the major input to the rostroventral
region of the medulla, which is the largest brainstem source of descending d.Lf. axons.
Furthermore, lesions of (Behbehani & Fields 1979; Prieto et al. 1983) or local anaesthetic
injections into (Gebhart et al. 1983) this medullary area block the antinociceptive action of p.a.g.
stimulation. Thus, the rostral medulla is a necessary element in the nociceptive modulatory
circuit activated by stimulation of the p.a.g. The midbrain cells that project to the medulla
are present throughout the tegmentum but are concentrated in the dorsomedial p.a.g. and in
a larger cell group that includes the ventrolateral p.a.g. and the adjacent nucleus cuneiformis
(Abols & Basbaum 1981). In the rat, there is also a projection from the dorsal raphe nucleus
(Beitz 1982a; Gallager & Pert 1978). The significance of these neurons for nociceptive
modulation is indicated by the observation that the lowest thresholds for midbrain s.p.a.
(Dostrovsky et al. 1982) are obtained from regions that are largely coextensive with the ventral
group of cells that projects to the medulla (figure 1).

In the rostral medulla, very low currents are effective for s.p.a., and in contrast to the
midbrain, a high resolution map of this region has been constructed (Zorman et al. 1981). The
lowest threshold sites are the nucleus raphe magnus and the adjacent reticular formation ventral
to the nucleus reticularis gigantocellularis and medial to the facial nucleus. In the rat, the
rostrocaudal extent for s.p.a. is approximately from the caudal facial nucleus to the caudal
superior olive. This region will be referred to as the rostroventral medulla (r.v.m.).

The most effective medullary sites for s.p.a. are coextensive with the distribution of r.v.m.
neurons that project to the cord via the d.Lf. (figure 1). The d.Lf. projection of these r.v.m.
cells terminates most densely in dorsal horn laminae containing neurons responding to noxious
stimuli (I, IT, V) (Basbaum et al. 1978; Basbaum & Fields 1978). Glutamate (Satoh ez al. 1983)
and opiate (Azami ef al. 1982; Dickenson et al. 19779) microinjections in r.v.m. also produce
analgesia, thus implicating r.v.m. somata. Furthermore, this suggests that the output neuron
that is inhibitory to nocifensor reflexes is excited by the opiate microinjection. Moreover, the
fact that glutamate and electrical stimulation of the p.a.g. are predominantly excitatory to
medullospinal neurons in r.v.m. (Behbehani & Fields 1979; Vanegas et al. 19844) strongly
supports the idea that r.v.m. is necessary for p.a.g. nociceptive modulating actions at the cord.
It is unlikely, however, that r.v.m. functions as a simple relay, since recent studies have shown
that the connection between p.a.g. and r.v.m. is reciprocal (Beitz 19825; Mantyh 1982).

Electrical stimulation of r.v.m. inhibits dorsal horn neurons responding to noxious stimulation
(Fields et al. 19777), including identified spinothalamic tract cells (Willis ez al. 1977). This effect
is blocked by d.Lf. lesions. The synaptic mechanism of the inhibition is unclear. Although n.r.m.
stimulation produces inhibitory postsynaptic potentials in spinothalamic tract cells (Giesler ez
al.1981),italso causesincreasesin the electrical thresholds of the spinal terminals of C-nociceptors
suggesting that presynaptic actions also occur (Hentall & Fields 1979).

There is little detailed information on the dorsal horn circuitry that underlies the descending
inhibitory control of nociceptive transmission. The r.v.m. is a major source of serotonin (5HT)
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Ficurk 1. Anatomy of nociceptive modulatory systems. () Regions of low threshold s.p.a. and origin of descending
pathways. At the top, midbrain stipple indicates region of overlap between low threshold sites for s.p.a. and
somata of cells projecting to the rostral ventral medulla (r.v.m.). Below, in the rostral medulla, stipple indicates
overlap between lowest threshold site for s.p.a. and somata of cell projecting to the spinal cord through the
dorsolateral funiculus. (b) Connectivity of component nuclei of the nociceptive modulatory system (Basbaum
& Fields 1984). The p.a.g. (top) receives input from cortex and projects to the r.v.m. (middle) which in turn
projects to the dorsal horn of the spinal cord (below). At each level of the system there are enkephalin-containing
interneurons (small black neurons). The r.v.m. also projects to the midbrain region (p.a.g. and c.u.), which
provides its major input. Cord neurons project rostrally to terminate at medullary and midbrain regions,
including parts of the nociceptive modulating system. Abbreviations: c.u., nucleus cuneiformis; d.r., dorsal
raphe nucleus; n.r.m., nucleus raphe magnus; III, oculomotor nucleus; V, trigeminal complex; VII, facial
nerve nucleus.

in the superficial dorsal horn and there is a body of evidence indicating that medullospinal
5HT neurons are involved in nociceptive modulation (for review, see Basbaum et al. 1983).
Serotonin-containing synapses contact several classes of dorsal horn cells, including presumed
nociceptive dorsal horn projection cells (Dubner et al. 1983) and interneurons, some of which
contain enkephalin (Glazer & Basbaum 1983). Enkephalin is present in the presynaptic
elements of axodendritic synapses and there are enkephalinergic synapses onto identified dorsal
horn projection cells (Ruda 1982). Enkephalin has not been observed in axo-axonic synapses
(Glazer & Basbaum 1983) despite the evidence that there are opioid binding sites upon the
spinal branches of primary afferents (Fields et al. 1980) and that such terminals are sensitive
to opiates (Carstens et al. 1979). Figure 2 illustrates our present knowledge of the relevant
circuitry of the superficial dorsal horn.
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Frcure 2. Diagram of dorsal horn circuitry relevant to nociceptive modulation. The primary afferent nociceptor
(A), sends a process into the spinal cord dorsal horn which contacts an excitatory interneuron (E) as well as
the projection cell (P) (i.e. a spinothalamic tract cell). The modulating cells (M), presumably arising in the
rostral ventral medulla and projecting to the dorsal horn of the cord, terminate on and directly inhibit the
projection cell. A serotonin to enkephalin synapse has been found (closed arrow) raising the possibility that
the descending system acts in part through an inhibitory endorphinergic interneuron (I). The inhibitory
interneurons may inhibit either the excitatory interneuron or the projection cell. The open arrow indicates that
there are opiate receptors on central processes of primary afferent nociceptors, raising the possibility of opiate
mediated presynaptic control of transmitter release. However, enkephalin-like immunoreactivity has not yet
been found in the presynaptic element of axoaxonic synapses in the superficial dorsal horn.

2. ACTIVATION OF THE NOCICEPTIVE MODULATORY SYSTEM

The functions of the motor and sensory systems were obvious long before their anatomy and
physiology were described. In contrast, despite the wealth of information about the anatomy,
pharmacology and physiology of nociceptive modulating systems, very little is known about
their physiological function or the circumstances under which they are activated. In the awake
cat, Casey & Morrow (1983) have shown that the thresholds for several behavioural responses
to noxious heat are increased during feeding. In awake rats, a variety of intense and /or stressful
stimuli can delay or abolish nocifensor reflexes such as the tail flick or hot plate response (Hayes
et al. 1978 ; Maier et al. 1982). This phenomenon is referred to as stress-induced analgesia, and
there is evidence that under certain circumstances the nociceptive modulatory system is
required for its production. For example, analgesia induced by footshock can be consistently
blocked by r.v.m. or d.Lf. lesions and by lumbar intrathecal naloxone (Watkins & Mayer 1982).
These data clearly implicate descending pathways in the mechanisms of stress-induced
analgesia. :

The blockade of stress-induced analgesia by systemically administered naloxone (Lewis et
al. 1980) provides an important parallel to the observation that naloxone reliably increases the
severity of clinical pain in man (Lasagna 1965; Levine et al. 1982; Grevert e al. 1983) and
supports the validity of stress-induced antinociception as a model for ‘the physiological
activation of the nociceptive modulatory system. '

The definition of stress in this context is vague. Stimuli that are stressful are often, but not
necessarily, noxious. It appears that the duration of the stimulus (Lewis et al. 1980), its location
(Watkins & Mayer 1982) and its controllability by the animal (Maier et al. 1982) are all
important features in determining which of the antinociceptive mechanisms are activated. It
has also been shown that inherently neutral stimuli (such as a light or tone) can elicit analgesia
after they have been contingently paired with a stressor such as inescapable shock (Bolles &
Fanselow 1982).

[ 147 ]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsth.royalsocietypublishing.org

366 H.L.FIELDS AND MARY M. HEINRICHER

Although inhibition of nociceptive transmission is a common result of many manipulations
intended to be stressful, the neural mechanisms that underlie the ‘analgesia’ may differ
depending on how the ‘stress’ is produced. Thus, not all forms of stress-induced analgesia are
naloxone-reversible (Lewis et al. 1980) and only certain types are blocked by d.Lf. lesions
(Watkins & Mayer 1982). This raises the possibility that there are several nociceptive
modulatory networks that can function independently (Hayes ef al. 19778). Studies in this area
are thus beginning to define the context in which nociceptive modulating systems can be reliably
activated. Behavioural state, presence of a noxious stimulus and environmental stressors are
all significant. Although these factors and the associated neural systems are only vaguely
understood, it is clear that the nociceptive modulatory network can be activated by natural
stimuli.

3. SOME NETWORK PROPERTIES OF THE NOCICEPTIVE MODULATORY SYSTEM

Withdrawal reflexes induced by noxious stimulation are polysynaptic and thus subject to
some variability in latency and force when elicited at different times by apparently identical
stimuli. Despite this, stimulation of r.v.m. or p.a.g. acts in an all-or-none fashion to either
completely block or have no effect on tail flick and paw pinch withdrawal reflexes. We have
used monopolar cathodal microstimulation (50 Hz continuous trains, 400 ps pulse duration)
to map sites for suppression of the tail flick induced by noxious heat (46 °C or more). If the
intensity of the noxious stimulus is raised while the brainstem stimulation parameters are held
constant, the reflex may reappear at full force. If brainstem stimulation intensity is gradually
raised, there is no antinociceptive effect in that individual until analgesia threshold is reached.
At analgesia threshold, the reflex is completely blocked. Even at the lowest suprathreshold
current employed (5 pA or less), tail flick is completely blocked during stimulation. If the heat
is maintained throughout stimulation, the tail flick occurs within 0.5 s after the stimulation is
turned off. There is a similar all-or-none component to the inhibition of the tail flick or
paw-withdrawal reflex by systemically-administered morphine (Levine et al. 1980). Thus, the
all-or-none component neither depends on the particular reflex nor on how the nociceptive
modulatory system is activated.

By recording through the same metal electrodes used for microstimulation, we have been
able to assess the number and kind of elements activated by stimuli at threshold for s.p.a.
(Hentall ¢t al. 19844, b). First, chronaxies in r.v.m. for tail flick inhibition (162 ps) are closer
to those for individual r.v.m. cell somata (170 ps), thin for their axons in the d.Lf. (360 ps). This
indicates that the inhibition is due to stimulation of r.v.m. somata rather than their axons or
other fibres of passage. This conclusion is supported by the observation that glutamate
microinjection into r.v.m. also produces analgesia (Satoh et al. 1983). By measuring the
electrical threshold and spike amplitude of the nearest recordable r.v.m. neuron at several sites,
it has been possible to determine the distance of the cell from the electrode (Hentall ez al. 1984.4).
The results permit an estimate of the radius of effective current spread in r.v.m. at theshold
for tail flick inhibition. By measuring cell densities in r.v.m., we were then able to calculate
that approximately 30 cells are directly activated at threshold for tail flick inhibition. Since
the rat nucleus raphe magnus alone has over 2000 cells, only a very small percentage of r.v.m.
neurons need be directly activated to inhibit tail flick.

Thus synchronous activation of a small number of cells anywhere in r.v.m. can totally block
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the tail flick. These studies do not reveal whether tail flick inhibition requires only those few
r.v.m. cells directly activated or whether the synchronous firing of that small number of cells
activates a larger population of r.v.m. cells that in turn produces the behavioural effect.

Data from morphine microinjection studies suggest that widespread activation of the
nociceptive modulatory network can result from local activation in any subregion. Although
analgesia is produced by microgram doses of morphine injected at p.a.g., r.v.m. or spinal cord,
there is evidence that brainstem and spinal injections interact in a multiplicative fashion. Yeung
& Rudy (1980) showed that when a single injection of morphine is made at either the brainstem
or the spinal cord, a relatively large dose (10 pg) is required to produce significant analgesia.
However, a concurrent injection of morphine at both sites produces analgesia at much smaller
doses (1 ug or less at each site). This indicates that each site is potentially highly sensitive to
morphine and that the sensitivity at each is influenced by activity at other opiate-sensitive loci.
This concept is supported by the observation that injection of morphine at separate sites within
the brainstem has an additive effect (Rosenfeld & Stocco 1981). These microinjection data
indicate that a relatively large proportion of the cells in the modulatory network are involved
in producing a behavioural effect, suggesting that the network acts as a unit.

Several endogenous opioid peptides (endorphins) are located at each of the opiate sensitive
sites that compose the nociceptive modulatory system. B-Endorphin terminals as well as
dynorphin and enkephalin terminals and somata are found in the ventral p.a.g. and nucleus
cuneiformis. Dynorphin and enkephalin somata and terminals are also concentrated in the
r.v.m. and in the spinal cord dorsal horn (see Basbaum & Fields (1984) for review). This
widespread distribution of endorphins raises the possibility that systemically-administered
opiates activate the nociceptive modulatory system by a multisite effect that mimics the local
action of endorphins. There is also evidence that activation of the nociceptive modulatory
system results in release of endorphins at multiple sites within the system. Intrathecal naloxone
blocks the antinociceptive action of fourth ventricular morphine (15 pg) (Levine et al. 1983)
and of r.v.m. stimulation (Zorman et al. 1982). The distribution of endorphins and of
opiate-sensitive sites and the evidence for endorphin-mediated connections among these sites
suggest that unitary action of the network depends upon multiple distributed endorphinergic
links. The observation that activity in one part of the system increases the sensitivity to opiates
throughout the system raises the possibility that the network as a whole is sensitive to circulating
endorphins, such as may be released by stress or pain.

Our mapping studies have revealed that uniformly low intensity (10 pA or less) stimulation
throughout r.v.m. and the midbrain region that projects to r.v.m. can inhibit the tail flick.
Withdrawal to hindpaw pinch can also be blocked from identical r.v.m. sites at minimum
currents that do not differ significantly from those required for tail flick suppression (Barbaro
et al. 1983). This is in sharp contrast with the topographic arrangement of sensory and motor
pathways. Consistent with this lack of topographic organization in r.v.m. are anatomical studies
indicating that branches of individual spinally-projecting r.v.m. cells innervate the trigeminal
nucleus caudalis (Lovick & Robinson 1983) and multiple levels of the cord (Huisman et al.
1981, 1982). On the other hand, Mayer & Liebeskind (1974) reported that p.a.g. stimulation
often did not produce uniform whole body analgesia, and Soper & Melzack (1982) found a
definite topography of the analgesic effects from p.a.g. Perhaps the p.a.g. differs from r.v.m.
in this respect.

Studies of the anatomical relationships among brainstem regions implicated in nociceptive
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modulation also support the idea that this system is organized as a unit and is not a set of
independently acting parallel subunits, each capable of inhibiting nocifensor reflexes. As
mentioned above, the midbrain and r.v.m. regions are reciprocally connected, i.e. in addition
to the midbrain to medulla projection there is a large rostral projection from r.v.m. to midbrain.
At both midbrain and medullary levels, sites effective for s.p.a. are interconnected (Abols &
Basbaum 1981; Mantyh 1982; Beitz 19824, 4). Furthermore, both regions receive spinal input.

Thus the weight of evidence supports the idea that the nociceptive modulatory system is
organized as an interconnected network that acts as a unit to inhibit spinal nocifensor reflexes.
Activation of only a small percentage of its component neurons by direct electrical stimulation
or by opiate microinjection is sufficient to bring the whole network into play.

4. PHYSIOLOGY OF R.V.M. NEURONS

The first studies of neurons in the rostral ventromedial medulla (r.v.m.) were inconclusive
because the r.v.m. cell population responded in a heterogeneous fashion to most manipulations.
Although noxious stimulation excited most r.v.m. cells, many were inhibited or unaffected by
such stimuli (Fields & Anderson 1978; Guilbaud ef al. 1980). Electrical stimulation of p.a.g.,
although predominantly excitatory, has no effect on many r.v.m. cells. Satoh et al. (1979)
reported that a subgroup of r.v.m. cells was predominantly excited by iontophoresis of opiate
agonists, but others have reported that opiates administered systemically, into p.a.g. or locally
by iontophoresis produced excitation, inhibition or no effect in different r.v.m. cells (see
Gebhart (1982) for review). Furthermore, division of r.v.m. cells into raphespinal and
non-raphespinal groups did not result in classes of r.v.m. cells with more consistent
physiological or pharmacological properties.

Because of this puzzling heterogeneity we took a different approach to physiological
characterization using methods borrowed from motor systems physiology. We located cells
of interest by recording only from sites in r.v.m. from which s.p.a. could be obtained at 10 pA
or less. We then recorded single unit activity during controlled heating of the tail at
temperatures sufficient to cause tail flick. Unit activity, tail temperature and tail movement
were recorded. Unit data were analysed either with respect to the time of application of the
heat stimulus or the occurrence of the tail flick. ,

This analysis identified three classes of neurons in r.v.m. (Fields ¢t al. 19834). One class (the
on-cell) accelerates just prior to tail flick (figure 3). A second class (the off-cell) pauses in its
discharge just prior to tail flick (figuré 4). The third class shows no change in its firing pattern
when the tail flicks. These cell types have been found throughout the r.v.m. In the lightly
anaesthetized rat, all three classes of cell discharge spontaneously. The response properties of
these cells mirror their flick-related activity. Thus the on-cells are excited by pinch or heat and
the off-cells are inhibited by such stimuli. The neutral cells are unaffected by noxious stimuli.
Inhibition of the off-cells and excitation of on-cells is produced by noxious stimulation anywhere
on the body from face to tail. Occasionally cells are found with more restricted inputs or that
respond to innocuous stimuli. When limbs are stimulated however, the most consistent
neuronal responses are produced by stimuli that elicit withdrawal, suggesting that these
‘responses’ are not strictly sensory but are best correlated with withdrawal.

In fact, when quantitative observations are made it is clear that the changes in discharge
are reflex-related. This is most clearly illustrated in figures 3 and 4 where spike probability
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Ficure 3. Representative on-cell in r.v.m. (a) Abrupt acceleration in unit activity (upper trace) before occurrence
of tail flick (transducer output in lower trace). (Single 10 s sweep.) (4, ¢) Upper trace ( T') of each figure indicates
mean tail temperature at stimulation site, lower trace (P) is spike probability/number of sweeps. In (b) spike
data are plotted with reference to time of the flick. An abrupt rise in spike probability is observed. In (¢)
temperature traces are aligned and the rise in spike probability is more gradual. Vertical arrows indicate times
of occurrence of individual tail flicks. This illustrates a closer correlation of the acceleration in cell firing to the
flick than to the stimulus that elicits it. '

density is plotted against either tail temperature (stimulus) or tail flick. For both on- and off-cells,
the changes in firing are more sharply correlated with flick than with temperature. In those
cases where the same stimulus is applied and no flick occurs, there is neither on-cell acceleration
nor off-cell pause. But the flick-related changes are not a result of the flick. The changes begin
at least 250 ms before the flick. Furthermore, unpublished work in our laboratory (N. Barbaro)
has shown that, in paralysed rats, on- and off-cell changes precede the sacral ventral root
discharges that coincide with the tail flick in the unparalysed rat.

Thus the activity of on- and off-cells abruptly changes prior to nociceptor-induced reflexes
(figure 5). What role does each cell type play in control of these responses? In view of available
information, a potential role for the off-cell can be proposed. Since withdrawal reflexes are
inhibited by electrical stimulation or the neuroexcitant glutamate, the r.v.m. to spinal cord
output cell that inhibits tail flick should be activated by analgesia-producing manipulations.
Such a cell should therefore be silent in order for the tail flick to occur. The off-cell clearly
has the requisite firing characteristics. Its pause permits the tail flick. In contrast, the on-cell,
which accelerates prior to the tail flick, is unlikely to have a direct inhibitory effect on the flick.

Consequently it may be concluded that electrical stimulation (or glutamate microinjection)
prevents the tail flick by preventing the off-cell pause. Support for this conclusion comes from
the finding that if r.v.m. stimulation is maintained during tail heating, flick does not occur until

[ 151 ]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsth.royalsocietypublishing.org

370 H.L. FIELDS AND MARY M. HEINRICHER
55—
(a) o (b) ﬂ
WL e DO ’ s
e " | 35L
.’ 0.16—
'w’” 8 0.08] N
0 ] | nwl
55—
(c) if’\
&)
&~
35
8 sweeps
0.16
Q‘O.OSL m
0 | | T |
t w—
4s

FiGure 4. Representative off-cell in r.v.m. () Abrupt pause in unit activity (upper trace) before occurrence of tail
flick (transducer output in lower trace). (Single 10 s sweep.) (b, ¢) Upper trace (T') of each figure indicates
mean tail temperature at stimulation site, lower trace (P) is spike probability/number of sweeps. In () spike
data are plotted with reference to time of the flick. An abrupt pause in spike probability is observed. In (c)
temperature traces are aligned and the fall in spike probability is more gradual. This illustrates a closer
correlation of the pause in cell firing to the flick than to the stimulus that elicits it.

r.v.m. stimulation is terminated. It then occurs with a latency similar to that observed from
the onset of the off-cell pause in the absence of r.v.m. stimulation. As discussed in the previous
section, the fact that very low currents are required to block the tail flick (or paw withdrawal)
indicates either that sustained discharge in only a few (30 or less) off-cells is sufficient to block
tail flick or that the effect of stimulation spreads by neural connections to maintain firing in
a larger number of off-cells.

If the off-cells are the r.v.m. output cells that inhibit nociceptive transmission, it should be
possible to demonstrate that off-cells project to the spinal cord. We have done this by
antidromically activating physiologically characterized off-cells from the cervical d.1f. (Vanegas
et al. 19846). However, significant percentages of on-cells and neutral cells in r.v.m. can also
be antidromically activated from cervical spinal cord.

Electrical stimulation of p.a.g. similarly does not differentiate on- and off-cells. The fact that
with p.a.g. stimulation off-cells are excited at or near the threshold for tail flick suppression
is consistent with the idea that the off-cell is the r.v.m. output cell that mediates s.p.a. However,
on-cells are also excited by p.a.g. stimulation (Vanegas et al. 1984a). On- and off-cells are, on
the other hand, clearly distinguished by their responses to analgesic doses of morphine. Whether
given systemically (Fields et al. 19835; Barbaro et al. 1984) or by microinjection into the
midbrain (Heinricher ¢t al. 1984), opiates have opposite effects on these two cell types in r.v.m.
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Ficure 5. Summary diagram illustrating effect of p.a.g. stimulation and morphine on tail flick-related discharge
of off- and on-cells in r.v.m. In each trace, the top line represents tail temperature, the second line the output
of the tail movement transducer, and the third and fourth lines the discharge of an off- and on-cell respectively.
Control: Off-cell pause and on-cell acceleration occur just prior to tail flick. P.a.g.: Heavy line indicates
microstimulation in the p.a.g. (50 Hz continuous train, 400 ps pulse duration at threshold for tail flick
suppression, 10 pA or less). Both off- and on-cell discharge increase. Tail flick occurs approximately 0.5 s after
termination of p.a.g. stimulation. Effect of an analgesic dose of morphine sulphate administered systemically
(2.5-5.0 mg kg ™) or microinjected into the p.a.g. (5 pg). Tail flick is suppressed. Spontaneous discharge of
the off-cell increases, and that of the on-cell ceases. Tail heating now has no effect on the firing of either cell.
Naloxone (not shown) returns the pattern to that seen in the control trace.

Off-cells accelerate and on-cells stop firing when morphine sufficient to block the tail flick is
administered. The characteristic on-cell acceleration and off-cell pause also disappear at this
point. The effects on background activity and on flick-related activity are naloxone-reversible.
Thus the available evidence supports the hypothesis that the off-cells are the r.v.m. output
elements that inhibit nociceptive transmission at the spinal cord. It also indicates that off-cells
in the r.v.m. contribute to the analgesic effect of systemically administered morphine.
Off-cells are inhibited, rather than excited, by noxious input, meaning that they are not the
feedback elements in a simple negative feedback loop that modulates nociceptive afferent input.
In a negative feedback loop such as we (Basbaum & Fields 1978) and others (Melzack & Wall
1965; Mayer & Price 1976) have proposed, the inhibiting element should be excited by noxious
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input. That the off-cell is not excited by such stimuli requires an alternative organizing concept
of the network that recognizes that factors other than noxious input, such as motivational state,
stress and conditioning, are critical in determining the net activity of the nociceptive
modulatory system. It will be important to study the neural mechanisms that produce the off-cell
pause and those ‘physiological’ conditions under which noxious stimuli do 7ot inhibit off-cells
in order to identify the nature of the network in which the off-cell functions.

The role of the on-cell remains obscure. The fact that on-cell discharge is so tightly coupled
to the nociceptor-induced tail flick, that it is excited by p.a.g. stimulation, projects to the spinal
cord, and is profoundly inhibited by opiates, does suggest a role in nociceptive modulation.
Although there is no direct evidence, the reciprocal relationship of its firing to that of the off-cell
raises the possibility that one cell type inhibits the other. If so, the on-cell would have a
facilitatory or permissive role in nociceptive control. This would also raise the possibility that
the connections between on- and off-cells are crucial for the operation of the network. The
nature of these connections, the transmitters involved and the contribution of the afferent
systems that impinge upon r.v.m. and p.a.g. cells are important areas for future work.

We wish to thank Nick Barbaro and Jon Levine for their comments on the manuscript,
Annette Lowe for artwork, and Steve Guinn for editorial assistance. This research was
supported by PHS and DA 01949. M. M. H. was supported by PHS grant 5T2NS07067.
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