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Evidence for Two Classes of Nociceptive Modulating Neurons in the

Periaqueductal Gray

Mary M. Heinricher, Zhen-feng Cheng,® and Howard L. Fields
Departments of Physiology and Neurology, University of California at San Francisco, San Francisco, California 94143

The midbrain periaqueductal gray (PAG) and the rostral
ventromedial medulla (RVM) are important links in a neu-
ronal network that modulates nociceptive transmission. In
the RVM, 2 classes of cells have been identified that show
changes in activity at the time of the tail-flick response (TF)
elicited by noxious heat (Fields et al., 1983a). We now report
that neurons in the PAG region also show changes in activ-
ity related to TF.

Extracellular recordings were made from the PAG and the
ventrally adjacent tegmentum at sites from which it was
possible to inhibit TF using stimulating currents of 10 uA or
less. Cell activity, time of TF occurrence, and tail tempera-
ture were recorded during 5 repetitions of the heat stimulus.
Periresponse and peristimulus histograms were plotted with
reference to the TF and tail temperature, respectively.

A significant number of neurons in the PAG region showed
changes in activity that preceded the TF. “Midbrain On-cells”
(13.6% of the sample) displayed an abrupt increase in firing
just prior to the TF. “Midbrain Off-cells” (4.4 %) paused just
prior to the TF. The remaining neurons (241 of 294, or 82%)
did not exhibit changes in firing prior to the TF.

Thus, cells with changes in activity related to the TF are
present in the PAG region as well as in the RVM. The PAG
has a large projection to the RVM, and microinjection of
morphine in the PAG increases activity of RVM Off-cells and
decreases that of RVM On-cells. Thus, it is likely that On-
and Off-cells found in the midbrain participate in the well-
documented modulation of nociceptive reflexes by the PAG
and that this action is mediated by TF-related neurons in
the RVM.

There is a substantial body of evidence implicating neurons of
the midbrain periaqueductal gray (PAG) in the modulation of
pain (Mayer and Price, 1976; Fields and Basbaum, 1978; Bas-
baum and Fields, 1984). Electrical stimulation of the PAG in
man produces analgesia (Hosobuchi et al., 1977; Richardson
and Akil, 1977) and inhibits responses to noxious stimuli in
rats, cats, and monkeys (Reynolds, 1969; Mayer and Liebeskind,
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1974; Oliveras et al. 1974; Lewis and Gebhart, 1977; Gebhart
and Toleikis, 1978; Hayes et al., 1979). The PAG has relatively
high concentrations of opiate binding sites (Atweh and Kuhar,
1977), as well as of endogenous opioid peptides (Uhl et al.,
1977; Sar et al., 1978; Finley et al., 1981a; Moss et al., 1983),
and direct injection of opiate agonists into the PAG suppresses
behavioral and neuronal responses to noxious stimulation (Lie-
beskind et al., 1973; Jacquet and Lajtha, 1976; Lewis and Geb-
hart, 1977; Yeung et al., 1977; Yaksh and Rudy, 1978; Bennett
and Mayer, 1979; Cheng et al., 1986).

One approach to the analysis of neural systems involved in
pain modulation is to study the physiological properties of neu-
rons in regions implicated in this function. However, to date,
neurophysiological studies have not revealed a clear relation
between the activity of PAG neurons and the inhibition of no-
ciceptive transmission. One possible reason for this is that the
neuronal population of a multifunctional structure such as the
PAG is likely to be heterogeneous. PAG neurons are, in fact,
morphologically diverse (Hamilton, 1973; Mantyh, 1982b; Beitz
and Shepard, 1985), and immunocytochemical studies have re-
vealed extensive chemical heterogeneity as well (Hokfelt et al.,
1977; Finley et al., 1981b; Uhl and Snyder, 1981; Beitz, 1982b;
Moss et al., 1983). Under such circumstances it is particularly
important to identify physiological criteria that can be used to
associate individual neurons with a specific function such as
pain modulation.

Recently, work from this laboratory established a classifica-
tion system for cells in the rostral ventral medulla (RVM), a
region that includes the nucleus raphe magnus, nucleus reticu-
laris gigantocellularis pars alpha, and nucleus reticularis para-
gigantocellularis lateralis. Like the PAG, this area is associated
with modulation of nociception. Most neurons in RVM belong
to 1 of 2 classes of cells whose members show abrupt changes
in firing just prior to the occurrence of the tail-flick reflex (TF)
evoked by noxious heat: Cells of 1 class (Off-cells) pause, and
those of the other class (On-cells) accelerate, immediately before
the TF (Fields et al., 1983a). For several reasons, it is likely that
cells of both classes are involved in modulation of dorsal horn
nociceptive processing and in opiate analgesia. Both Off- and
On-cells are found in regions of the medulla having the lowest
threshold for inhibition of the TF by electrical stimulation (Fields
et al., 1983a), and a significant proportion of both cell classes
projects to the spinal cord (Vanegas et al., 1984a). Furthermore,
the activity of both On- and Off-cells is altered by systemically
administered morphine given in doses sufficient to inhibit the
TF: Off-cell activity is increased (Fields et al., 1983b), while
that of On-cells is decreased (Barbaro et al., 1986).

The identification of these 2 classes of neurons in the RVM



272 Heinricher et al. « Nociceptive Modulating Neurons in PAG

S 11111

Figure 1. TF-related changes in activ- 451

ity of midbrain Off-cell. 4, Single os-
cilloscope sweep shows pause in cell ac-
tivity (upper trace) just before TF (lower
trace indicates tail movement). Sweep
length, 10 sec. B, Response of same Off-
cell averaged over 5 TF trials. The cell
shows the typical Off-cell pause begin-
ning just prior to the TF. In both left
and right histograms, upper trace is tail
temperature (7, °C) and lower trace is

Right, Same data as at left aligned with
reference to tail temperature. Triangles 0

cell activity (Hz). Lef, Tail tempera- 16
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occurrence of the TF (vertical line).
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suggests that a similar physiological approach would be of value
in the analysis of properties of PAG neurons. Several lines of
evidence indicate a close functional relationship between the
neurons of the RVM and those of the PAG. First, anatomical
studies reveal a heavy projection from the PAG (particularly
its dorsal and ventrolateral aspects) to the RVM, as well as a
projection from the RVM to the PAG (Gallagher and Pert, 1978;
Abols and Basbaum, 1981; Beitz, 1982a; Mantyh, 1982a; Carl-
ton et al., 1983). Second, activation of PAG neurons, either by
electrical stimulation or by microinjection of the potent neu-
roexcitant glutamate, has an excitatory effect on neurons in RVM
(Fields and Anderson, 1978; Behbehani and Fields, 1979; Pom-
eroy and Behbehani, 1979; Mohrland and Gebhart, 1980; Va-
negas et al., 1984b; Willis et al., 1984). Microinjection of gpiates
in the PAG also alters the activity of RVM neurons (Behbehani
and Pomeroy, 1978; Mohrland and Gebhart, 1980; Cheng et
al., 1986). Although the effects of RVM stimulation on neurons
in the PAG have not been studied systematically, some PAG
neurons are excited by RVM stimulation (Shah and Dostrovsky,
1980). Finally, lesion studies demonstrate that the RVM plays
a major role in the antinociceptive actions of the PAG. Large
electrolytic lesions of the RVM block the analgesia produced in
behaving animals by electrical stimulation and microinjection
of morphine in the PAG (Prieto et al., 1983; Young et al., 1984).
In anesthetized rats, bilateral lesions of RVM or blockade by
lidocaine microinjection antagonize the inhibition by PAG
stimulation of both spinally mediated reflexes (Sandkiihler and
Gebhart, 1984; Lovick, 1985) and dorsal horn neurons (Gebhart
et al., 1983).

Thus, the important functional relationship between the PAG
and the RVM raises the possibility that cells with properties
similar to those of RVM On- and Off-cells would be found in

4 sec

the PAG. The aim of the present study was to determine if such
cells would be found in the lightly anesthetized rat. We now
report that, as in the RVM, 2 classes of cells showing abrupt
changes in activity immediately prior to the TF are present in
the PAG. Midbrain Off-cells pause and midbrain On-cells ac-
celerate just before the occurrence of the TF. A preliminary
account of this work has been presented (Heinricher et al., 1985).

Materials and Methods

Male Sprague-Dawley rats (250-325 g) were initially anesthetized with
pentobarbital (55 mg/kg, i.p.). A catheter was inserted in an external
jugular vein, and the animals were placed in a stereotaxic apparatus. A
small craniectomy was made to allow access to the midbrain for stim-
ulation and recording. Body temperature was maintained at approxi-
mately 38°C using a circulating watér pad.

Following surgery, animals were allowed to recover from the initial
anesthetic dose to the point that a TF response could be elicited by
noxious heating of the tail. The animals were then maintained in a
lightly anesthetized state by a continuous infusion of methohexital at a
levet (15-30 mg/kg/hr) that permitted a stable baseline TF latency of
4-5 sec but that was sufficient to prevent signs of discomfort. The
animals did not move spontaneously, nor did they show prolonged
withdrawal responses to noxious paw pinch.

The methods for eliciting and recording the TF were as follows. A
projector lamp was focused on the blackened ventral surface of the tail.
A thermistor probe placed in contact with the tail provided a signal for
feedback control of the heat stimulus, which was adjusted at the begin-
ning of each experiment to the lowest level that elicited a TF with a
latency of 4-5 sec from heat onset. This usually required a tail tem-
perature of 42-45°C, although lower levels were sometimes sufficient.
If no TF occurred, the heat was always turned off at 10 sec. The tail
was attached to a mechanoelectric bridge transducer so that the TF
latency could be recorded.

A gold- and platinum-plated monopolar stainless steel electrode,
stereotactically placed in the midbrain approximately 1 mm dorsal to
the dorsal border of the PAG, was used for monopolar stimulation and
for extracellular recording. The electrode was connected to a stimulator
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Figure 2. TF-related changes in activ-
ity of midbrain On-cell. This cell dis-
plays the typical On-cell burst that be-
gins just prior to the TF and continues
for more than 10 sec. 4, Single oscil-
loscope sweep shows acceleration (up-
per trace) just before TF (lower trace
indicates tail movement). Sweep length,
10 sec. B, Response of same On-cell
averaged over 5 TF trials. In both left
and right histograms, upper trace is tail
temperature (7, °C) and lower trace is
cell activity (Hz). Left, Tail tempera-
ture and cell activity are aligned with
occurrence of the TF (vertical line).
Right, Same data as at left aligned with
reference to tail temperature. Triangles
indicate the occurrence of the TF on
individual trials. The increase in cell
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and advanced in 200 um steps until a site was reached at which stim-
ulation with currents of no more than 10 uA (400 usec cathodal pulses,
50 Hz continuous trains begun 3 sec prior to the heat stimulus) resulted
in inhibition of the TF (using the 10 sec cut-off). A TF occurred almost
immediately after termination of this electrical stimulation. The elec-
trode was then connected to the amplifier for extracellular recording.
Action potentials were amplified, filtered, and converted to voltage pulses
using a window discriminator. The shape of the action potential was
continuously monitored on an oscilloscope, and pulses were integrated
and displayed on a strip-chart recorder. Within each penetration, the
search for units was discontinued at a point approximately 1 mm ventral
to the ventral border of the PAG (determined stereotactically).

The electrode was advanced at a slow step rate (1 um/sec) until a unit
was encountered. The majority of cells were located by observation of
spontaneous activity; however, noxious pinch of a paw delivered ap-
proximately once in each 100 um advance of the microelectrode was
used as a search stimulus. Each cell’s responses to noxious pinch and
to non-noxious cutaneous stimuli (brisk brush, tap) were determined,
and it was then characterized according to the classification system
applied to cells of the RVM by Fields et al. (1983a). Cell activity, time
of TF occurrence, and tail temperature were stored (Data General Nova
2) during 5 repetitions of the heat stimulus. Periresponse and peristimu-
lus histograms were then plotted with reference to the occurrence of the
TF and tail temperature, respectively.

At the completion of the experiment, a lesion was made at a site of
interest (20 uA DC anodal current, 10 sec). The animal was perfused
intracardially with 0.9% saline followed by 10% formalin. All lesion
sites were located in cresyl violet-stained coronal sections according to
the atlas of Pellegrino et al. (1979).

Results

A total of 294 cells in the PAG and ventrally adjacent tegmen-
tum was studied in 37 experiments. Spike polarity was typically
negative-positive, and spike amplitude was 100-200 uV.

Midbrain Off-cells

Thirteen cells (4.4% of the sample) showed a decrease in cell
activity just prior to the occurrence of the TF (Fig. 1). The delay

activity is more abrupt when aligned
with the occurrence of the TF than when
aligned with tail temperature.

between the cessation of midbrain Off-cell activity and the TF
ranged from approximately 0.2 to 1 sec, and the duration of the
TF-related pause in activity varied from 0.8 sec to more than
10 sec.

Noxtous pinch inhibited the discharge of all 13 midbrain Off-
cells. The inhibition could be elicited from large areas of the
body, usually encompassing all 4 limbs, the tail, and face. Two
cells were also inhibited by brisk brushing or tap over the same
area.

Midbrain On-cells

Forty cells (13.6% of the sample) showed an increase in firing
that preceded the TF by an interval ranging from 0.2 to 2 sec
for different cells (Fig. 2). The duration of the TF-related ac-
celeration was also highly variable, with some neurons showing
a burst lasting less than 0.5 sec (and consisting of no more than
10 spikes), while others continued firing at a high rate for 10 or
more sec following the TF.

All midbrain On-cells were excited by noxious pinch over
large areas of the body, and 10 were also excited, although to a
lesser degree, by brisk brushing or tapping over the same region.

Cells that showed no activity change prior to TF

The great majority of cells examined (241 of 294; 82%) did not
exhibit changes in firing before TF. No discernible cutaneous
receptive field could be identified for 211 of these cells. Of the
remaining 30 neurons, 21 were excited and 4 inhibited exclu-
sively by noxious pinch. Three were excited by pinch and by
tapping or light brush; 2 were excited solely by tapping.

The discharge of 9 units increased just after the TF, the delay
between the TF and the first spike in this burst ranging from
0.6 to 2 sec. In these cases, the TF-related activity usually con-
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Figure 3. Increase in cell activity that
did not begin until approximately 1 sec
after the TF. Single oscilloscope trace;
calibration bar, 1 sec. Upper traceis cell
activity; lower trace indicates tail
movement.

sisted of only 3-10 spikes. An example of such a cell is shown
in Figure 3.

Pattern of spontaneous discharge

Generally, spontaneous firing rates were low. The mean rate for
the entire sample was 5.28 + 0.72 spikes/sec. Over half of the
cells (57.4%) fired irregularly at less than 2 spikes/sec, and 6.7%
of the sample had no activity in the absence of cutaneous stim-
ulation. A small number of cells did, however, show relatively
high levels of spontaneous discharge, with 7.6% of the neurons
discharging at rates between 20 and 40 spikes/sec. Mean dis-
charge rates of midbrain On- and Off-cells and cells without
TF-related activity were not significantly different (1-way AN-
OVA, p > 0.05). Many TF-related neurons displayed a pattern
of firing in which periods of silence lasting as long as several
minutes alternated with periods of irregular spontaneous activ-
ity of similar duration. A similar periodicity of firing under light
barbiturate anesthesia has been reported for On- and Off-cells
in the RVM (Barbaro et al., 1985).

Cells without TF-related changes in activity did not show
periodic fluctuations in firing. Spontaneous activity of these cells
was either regular or, more commonly, irregular, without clear
silent and active periods.

Locations of midbrain neurons

All recording was in regions from which it was possible to inhibit
the TF using stimulation currents of no more than 10 pA. Re-
cording was often initiated near the dorsal border of the PAG,
but in many cases, inhibition of the TF was first obtained near
the level of the cerebral aqueduct.

Cells were encountered mainly in the dorsolateral and ven-
trolateral PAG (as defined by Beitz, 1985) and in the midbrain
tegmentum immediately ventral to the PAG, even though sev-
eral of the electrode penetrations sampled the region dorsal to
the dorsal margin of the cerebral aqueduct. The locations of
midbrain On- and Off-cells are shown in Figure 4 and those of
cells whose activity did not change prior to the TF in Figure 5.
More cells were found ventral than dorsal to the level of the
cerebral aqueduct. The midbrain Off-cells identified in these
experiments were primarily in the ventrolateral PAG, and all
were at or ventral to the level of the aqueduct. The distribution
of midbrain On-cells was less restricted, but such cells were

more often found ventral to the level of the aqueduct. Cells
without TF-related activity were scattered throughout the region
searched.

Discussion

These observations demonstrate the existence of 2 populations
of neurons in the PAG that exhibit changes in activity related
to the occurrence of a spinally mediated nociceptive reflex. Fir-
ing of midbrain Off-cells decreases and that of midbrain On-
cells increases just prior to the TF response elicited by noxious
heat.

With 1 exception, previous studies of the cutaneous response
properties of PAG neurons did not attempt to relate changes in
cell activity to behavior. Sakuma and Pfaff (1980), recording in
urethane-anesthetized rats, studied PAG neurons that were an-
tidromically activated from the nucleus reticularis gigantocel-
lularis of the medullary reticular formation. They reported that
only a small number of cells (1 1%) was excited by firm pressure
over the hindquarter region, and none responded to noxious
pinch. In the barbiturate-anesthetized cat, Nakahama et al. (1981)
observed that more than half of their sample responded to both
noxious and non-noxious cutaneous stimuli. Twenty percent
were maximally excited by non-noxious stimulation, and none
responded exclusively to noxious stimuli. The findings of Eick-
hoffet al. (1978) in the chloralose-anesthetized rat were similar.
They studied neurons in the PAG and adjacent reticular for-
mation that were responsive to electrical stimulation of the
coccygeal nerve. Almost half (42%) of the units tested were
excited by non-noxious tactile stimulation, and 22% were ex-
cited by both non-noxious stimuli and by noxious pinch. Only
13% of the cells were driven solely by noxious stimulation. In
contrast, Sanders et al. (1980), using the same preparation and
search stimulus, found that a high percentage (48%) of their
sample was activated by noxious radiant heat and that an ad-
ditional 25% was inhibited by such stimulation. Significantly,
they reported that cell firing was not a linear function of tail
temperature. Rather, there was a sudden increase in firing rate
when the temperature reached noxious levels.

In a series of experiments similar to those reported here,
Handwerker and Sack (1982) used awake, restrained rats in an
attempt to correlate activity of PAG neurons with the occurrence
of the TF reflex. Twenty-seven neurons in the PAG and adjacent
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Figure 4. Drawings of representative coronal sections through the midbrain showing locations of 13 Off-cells (downward pointing arrows, left)
and 40 On-cells (upward pointing arrows, right). Anterior—posterior, +0.2 to —1.2 mm (atlas of Pellegrino et al., 1979).

reticular formation that responded to electrical stimulation of
the coccygeal nerve were studied. More than half (52%) showed
no change in firing related to the TF. The firing of 10 cells
increased and that of 3 decreased prior to the TF. These 2 groups
of cells may correspond to the midbrain On-cell (13.6% of our
sample of 294 neurons) and Off-cell (4.4% of our sample) classes
we have described. There are, however, some differences be-
tween their results and ours. First, the changes in firing they
described were more gradual and preceded the TF by as much
as 6 sec. In addition, many cells showed a post-TF change in
firing that was in a direction opposite to that preceding the TF.
In contrast, the alterations in firing we observed were unidirec-
tional, preceded the TF by no more than 2 sec, and were main-
tained for up to several minutes after the TF. We did not observe
biphasic changes in cell firing. Such differences in the time course
of TF-related changes in cell activity may be due to our use of
barbiturate anesthesia.

A differential distribution of the physiologically characterized
cell classes was found with our search methods. Neurons without
TF-related activity were distributed throughout the region sam-
pled. The locations of midbrain On-cells were similar to those
of cells without TF-related activity in that they were also scat-
tered throughout the dorsolateral and ventrolateral PAG and in
the midbrain tegmentum ventral to the PAG. Midbrain Off-
cells were only found ventral to the level of the cerebral aque-

duct, most frequently in the ventrolateral subdivision. No Off-
cells were found ventral to the PAG itself. This restricted
distribution of midbrain Off-cells is of particular significance
for 2 reasons. First, the ventrolateral subdivision is often re-
ported to be the most sensitive PAG site for stimulation- or
opiate-induced antinociception (Jacquet and Lajtha, 1976; Lew-
is and Gebhart, 1977; Yeung et al., 1977). In addition, this area
of the PAG gives rise to the major projection to the RVM
(Gallagher and Pert, 1978; Abols and Basbaum, 1981; Beitz,
1982b; Carlton et al., 1983). Since there is convincing evidence
that the antinociceptive effect of PAG stimulation is primarily
a consequence of activation of neurons projecting to the RVM
(Fields and Basbaum, 1976; Vanegas et al., 1984b), the distri-
bution of midbrain Off-cells is consistent with a particularly
important role for this cell class in mediating the descending
influence of the PAG on medullary pain modulating neurons.
The presence of numerous PAG neurons that do not show
TF-related activity distinguishes this region from the RVM,
where the majority of cells studied exhibited TF-related changes
in activity (Fields et al., 1983a; Barbaro et al., 1986). Although
a role for these neurons in pain modulation should not be ruled
out, it is also possible that they are involved in one or more of
the many functions that have been attributed to the PAG. These
include control of lordosis (Sakuma and Pfaff, 1979) and gut
motility (Skultety, 1959), “visceral alerting” and rage (Hun-
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Figure 5. Drawings of representative coronal sections through the midbrain showing locations of 241 cells that did not exhibit TF-related activity.

Sections as in Figure 4.

sperger, 1956; Lovick, 1985), and vocalization (Waldbillig, 1975;
Jurgens and Pratt, 1979).

It is important to consider whether the cells studied in the
present experiments constitute a representative sample of the
PAG cell population, as there are several possible sources of
sampling error. First, extracellular recording techniques are un-
avoidably biased towards selection of larger neurons. Thus, if
there were systematic differences in soma size among the dif-
ferent classes, the relative numbers of On- and Off-cells and
cells without TF-related activity identified would be affected.
Also, the larger number of cells encountered in more lateral
regions could reflect the fact that cell size in the PAG increases
with distance from the aqueduct (Mantyh, 1982b). Another con-
cern relates to the fact that many neurons had very low rates of
spontaneous discharge, which would tend to favor observations
of increases and obscure any decreases in firing associated with
the TF. This would reduce the number of Off-cells encountered,
as would the use of noxious pinch as a search stimulus. Finally,
the use of barbiturate anesthesia could affect the characteristics
of the cells recorded.

It is not clear whether the midbrain On- and Off-cells de-
scribed in this paper are functionally linked to cells in the RVM
with similar physiological properties. Under our experimental
conditions, the midbrain TF-related neurons constitute only a
fraction of the total cell sample, and it is not known whether

they project to RVM. Nevertheless, we feel that it is a reasonable
possibility that On- and Off-cells in the midbrain act as a func-
tional unit with On- and Off-cells in the medulla to modulate
nociceptive transmission. Thus, Vanegas et al. (1984b) have
shown that electrical stimulation in the PAG excites both Off-
and On-cells in the RVM at current thresholds indistinguishable
from those required for inhibition of the TF. Moreover, mor-
phine microinjection in the PAG alters activity of RVM On-
and Off-cells but has no effect on cells without TF-related changes
in activity. In contrast with the effects of electrical stimulation,
microinjection of morphine in the PAG differentially affects the
activity of RVM On- and Off-cells. Spontaneous activity of Off-
cells is increased and that of On-cells is decreased (Cheng et al.,
1986). The disparity between the effects of electrical stimulation
and morphine microinjection could be explained if there were
2 populations of opiate-sensitive neurons in the PAG that are
excitatory to RVM On- and Off-cells, respectively. Presumably,
only one of these hypothetical populations would be activated
by opiate microinjection, although both would necessarily be
excited by electrical stimulation. Since, in the RVM, only On-
and Off-cells are affected by opiate administration (whether sys-
temic or microinjected into the PAG), it is tempting to speculate
that a similar situation holds in the midbrain, and that the
midbrain On- and Off-cell classes we have described are the
midbrain cell populations that respond to opiates. If this were



the case, opiate microinjection in the PAG could activate RVM
Off-cells via activation of midbrain Off-cells. Similarly, the
suppression of RVM On-cells that results from opiate microin-
jection in the PAG could be a consequence of reduced excitation
from midbrain On-cells.

In summary, several converging lines of evidence support the
notion that the PAG and RVM are major supraspinal compo-
nents of a distributed, highly interconnected neural network that
modulates transmission of nociceptive information at the spinal
and medullary dorsal horn (Fields and Heinricher, 1985). Our
demonstration of neurons in both the PAG and the RVM that
show abrupt changes in discharge immediately preceding the
occurrence of a nociceptive reflex provides additional support
for this proposal.
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