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Abstract
Intense stress and fear have long been known to give rise to a suppression of pain termed “stress-
induced analgesia,” mediated by brainstem pain-modulating circuitry, including pain-inhibiting
neurons of the rostral ventromedial medulla. However, stress does not invariably suppress pain, and
indeed, may exacerbate it. Although there is a growing support for the idea of “stress-induced
hyperalgesia,” the neurobiological basis for this effect remains almost entirely unknown. Using
simultaneous single-cell recording and functional analysis, we show here that stimulation of the
dorsomedial nucleus of the hypothalamus, known to be a critical component of central mechanisms
mediating neuroendocrine, cardiovascular and thermogenic responses to mild or “emotional”
stressors such as air puff, also triggers thermal hyperalgesia by recruiting pain-facilitating neurons,
“ON-cells”, in the rostral ventromedial medulla.

Activity of identified RVM ON-cells, OFF-cells and NEUTRAL cells, nociceptive withdrawal
thresholds, rectal temperature, and heart rate were recorded in lightly anesthetized rats. In addition
to expected increases in body temperature and heart rate, disinhibition of the DMH induced a robust
activation of ON-cells, suppression of OFF-cell firing and behavioral hyperalgesia. Blocking ON-
cell activation prevented hyperalgesia, but did not interfere with DMH-induced thermogenesis or
tachycardia, pointing to differentiation of neural substrates for autonomic and nociceptive
modulation within the RVM.

These data demonstrate top-down activation of brainstem pain-facilitating neurons, and suggest a
possible neural circuit for stress-induced hyperalgesia.
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Introduction
Intense stress and fear are known to suppress pain, a phenomenon termed “stress-induced
analgesia” [41,72]. However, stress can also give rise to an increase in pain sensitivity, referred
to as “stress-induced hyperalgesia.” Thus, repeated swim stress, acute and chronic restraint,
novelty, horizontal rotation, and social defeat have all been shown to induce hyperalgesia in
animals [2,10,17,19,33,39,42,51,54,55,64,70]. This phenomenon is not simple hyper-reflexia,
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since anxiety or anticipation of pain can be shown to enhance pain sensitivity in humans [1,
4,52,53,67], and since stress is often asserted to exacerbate chronic clinical pain (see [9,40,
71] for examples). The parameters that differentiate stress-induced analgesia from hyperalgesia
are as yet unknown, but intensity or aversiveness of the stressor may interact with arousal level
in determining whether the net effect is to enhance or suppress pain [18,36,46,73].

Stress-induced analgesia is mediated by brainstem pain-modulating systems [5,72], whereas
the neural circuitry responsible for stress-induced hyperalgesia remains almost unknown. The
dorsomedial nucleus of the hypothalamus (DMH) is a critical component of the central
mechanisms mediating neuroendocrine, cardiovascular and thermogenic responses to various
stressors [11,12]. This raises the possibility that the DMH also contributes to stress-induced
hyperalgesia through direct and indirect connections with the rostral ventromedial medulla
(RVM), a region long implicated in descending control of nociception [13,20,57,59].

The present experiments were designed to determine whether activation of the DMH would
recruit pain-modulating circuitry of the RVM to facilitate nociception. Because of the
functional overlap of autonomic control and pain-modulation in the RVM region, we used
electrophysiological methods to record responses of physiologically characterized RVM
neurons to stimulation of the DMH, and pharmacological manipulation to test their roles in
behavioral hyperalgesia. RVM neurons can be classified as NEUTRAL cells, ON-cells, or
OFF-cells. The physiological function of NEUTRAL cells remains unknown, but OFF-cells
suppress, and ON-cells facilitate, nociception [20]. OFF-cells have been implicated in stress-
induced analgesia related to conditioned fear [45]. By contrast, ON-cells are activated by the
anxiogenic peptide cholecystokinin, which has been implicated in stress-induced hyperalgesia
[24,42]. These later findings point to a possible role for ON-cells in stress-induced
hyperalgesia. Any or all of these three cell classes could also in theory contribute to the
autonomic sequelae of DMH stimulation.

The present experiments show that activation of the DMH recruits pain-facilitating ON-cells
in the RVM to produce behavioral hyperalgesia. In addition, the pronociceptive effects of DMH
activation are mediated by a medullary substrate that is at least in part distinct from that
responsible for the accompanying thermogenesis and tachycardia. Activation of pain-
facilitating neurons in the RVM may therefore play an important role in stress-induced
hyperalgesia.

Methods
Animals and surgical preparation

All experimental procedures were approved by the Institutional Animal Care and Use
Committee at Oregon Health & Science University and followed the guidelines of the
Committee for Research and Ethical Issues of the International Association for the Study of
Pain. Male Sprague-Dawley rats (Taconic, 250–300g) were anesthetized with pentobarbital
(60 mg/kg, i.p.), and a catheter inserted into an external jugular vein for administration of
anesthetic. The rat was placed in a stereotaxic apparatus, a hole drilled in the skull over the
cerebellum, and the dura removed to allow placement of an electrode in the RVM (using surface
landmarks for guidance). A second small craniotomy was made to allow placement of a
microinjection pipette into the DMH (stereotaxic coordinates: 5.8 anterior to interaural line,
0.3 mm lateral to midline at an angle of 4°, 8.4 mm ventral to brain surface). Body temperature
was supported by placing the animals on a circulating water pad at 35 °C.

Following surgery, the anesthetic level was allowed to lighten until a paw withdrawal reflex
could be elicited by application of noxious heat using a feedback-controlled projector lamp
focused on the blackened plantar surface of the left hindpaw. The animals were subsequently
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maintained in a lightly anesthetized state using a continuous infusion of methohexital at a rate
(15–30 mg/kg per h, i.v.) that allowed a stable paw withdrawal latency and that prevented any
signs of discomfort. The animals did not move spontaneously, nor did they vocalize or produce
vigorous or prolonged withdrawal reflexes following noxious pinch. The rate was adjusted for
each animal to allow a baseline paw withdrawal latency of approximately 4.5 s. The protocol
was begun after a stabilization period of at least 30 min, and infusion rate was not altered during
the protocol.

Nociceptive responsiveness, rectal temperature, and heart rate
Paw withdrawal latency to heat was used as the primary measure of nociceptive responsiveness.
Each trial consisted of a linear increase in temperature at approximately 1.2 °C/s from a holding
temperature of 35 °C until the paw withdrawal occurred or to a maximum of 48 °C at
approximately 10.6 s. Trials were carried out at 5 min intervals throughout the experiment.
The holding temperature obviates any concern that apparent effects on paw withdrawal latency
were due to changes in plantar skin temperature potentially produced by stimulation of the
DMH. Mechanical nociceptive threshold was determined using von Frey filaments (1.0 g up
to 100 g) applied to the lateral plantar surface of the hindpaw until the paw was withdrawn.
The withdrawal threshold was defined as the minimum force eliciting a withdrawal on two
consecutive trials. Heart rate was derived from EKG. Rectal temperature was measured using
the Physitemp Thermalert TH-5 thermometer and the rat rectal probe inserted 5–6 cm.

Recording and drug administration
A gold- and platinum-plated stainless steel recording microelectrode (Frederick Haer Co.,
Brunswick, ME) was lowered into the RVM for extracellular single unit recording. A fresh
glass infusion micropipette (75–100 μm, OD) was attached to a 1 μl Hamilton syringe with a
length of PE-50 tubing and lowered into the DMH for bicuculline infusion or into the RVM
for infusions of kynurenate or muscimol. In some cases, the RVM infusion pipette was attached
to a recording electrode to monitor the effect of the drug on cell activity (see Heinricher et al.
[23] and Xu et al. [74] for detailed description of chemical stimulation/recording methods).

RVM neurons were classified as previously described [14]. Spike waveforms were monitored
and stored for off-line analysis (Spike2, CED, Cambridge, UK) to ensure that the unit under
study was unambiguously discriminated throughout the experiment, and cell data are included
only in cases where we successfully maintained isolation for the entire protocol. OFF-cells
were characterized by an abrupt pause in ongoing activity beginning just prior to the occurrence
of the paw withdrawal. ON-cells were identified by a sudden burst of activity beginning just
prior to the occurrence of the paw withdrawal. Cells of a third class, “NEUTRAL cells,” were
identified by no change in activity associated with paw withdrawal, and they did not respond
to noxious or innocuous cutaneous stimulation.

Protocol and data analysis
We determined the effects of microinjection of bicuculline methiodide (BIC) into the DMH
on paw withdrawal latency or von Frey threshold, rectal temperature, heart rate and the firing
of RVM neurons. Rectal temperature was noted just prior to each paw withdrawal trial.
Following three baseline nociceptive trials, BIC (Tocris Bioscience, St. Louis, MO, 10 pmol
in 100 nl saline vehicle) was infused into the DMH over a period of approximately 2 min.
Control injections were made in surrounding areas. All parameters were then monitored for a
period of 55 min. Only one protocol was performed in each animal. On nine occasions, more
than one neuron was isolated with the electrode. Because OFF-cells and ON-cells often show
irregular alternations between periods of silence and activity, cell activity integrated over the
30 s prior to each paw withdrawal trial was used as an overall index of ongoing firing.
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To test the role of ON-cells in hyperalgesia, and in increased body temperature and heart rate
induced by application of BIC in the DMH, a microinjection pipette was glued adjacent to the
recording electrode in the RVM such that the tips were separated by 100–300 μm. The broad-
spectrum excitatory amino acid antagonist kynurenate (1 nmol/200 nl) or the GABAA receptor
agonist muscimol (8.8 pmol/200 nl), both from Tocris Bioscience (St. Louis, MO) was infused
into the RVM over a period of approximately 4 min following three baseline trials. The dose
of kynurenate was chosen as sufficient to suppress ON-cell activity selectively, with no affect
on OFF-cell or NEUTRAL cell discharge in normal animals [22,23]. Higher doses/
concentrations evoke second-order or non-specific effects in the RVM (Heinricher and
McGaraughty, unpublished observations). Muscimol was employed as a positive control, with
the dose chosen as sufficient to inhibit all three RVM cell classes uniformly. Null control
(vehicle) was not employed, as our intention was not to study excitatory amino acid
transmission per se, and because we have repeatedly shown that saline injections in the RVM
do not alter paw withdrawal latency or the activity of ON-cells, OFF-cells or NEUTRAL cells
(e.g., Xu et al. [74]). Paw withdrawal latency, heart rate, and rectal temperature were recorded
again 1 min later, and BIC was then infused into the DMH. All parameters were then monitored
as above for an additional 50 min.

Three cell parameters were analyzed. 1) Overall ongoing activity. Because OFF-cells and ON-
cells often show irregular alternations between periods of silence and activity, total cell count
integrated over the 30 s prior to each withdrawal trial was used as an overall index of ongoing
firing. 2) ON-cell reflex—related firing rate. Average firing rate in the 3 s period beginning
0.5 s before the paw withdrawal was recorded for all trials. This approach, rather than counting
the number of spikes or duration of the reflex-related burst, was necessary because a burst can
only be identified in cases in which the ON-cell is inactive at the time of heat onset. Because
OFF-cell firing was decreased or suppressed for prolonged periods after DMH stimulation, a
reflex-related pause in firing could not be identified. Reflex-related inhibition of OFF-cells
was therefore not studied. 3) Cycling. The proportion of time that a given cell was considered
to be in an “active” or “silent” period was defined as described previously [3]. Briefly, an active
period was defined as any epoch lasting at least 2 s with a minimum of 1 spike/s, and a silent
period as any epoch of at least 2 s without any cell activity. The proportion of time in which
each cell was “active” or “silent” was then calculated for the baseline and post-treatment
periods.

Data are presented as mean ±SEM, and in some cases converted to change from baseline for
illustration purposes. Because RVM cell discharge rates are not normally distributed,
Friedman’s analysis of variance by ranks with comparison of post-treatment time points to
baseline was used for statistical analysis of neuronal firing rates [61]; and t-test for correlated
means for comparing pre- and post-DMH stimulation parameters related to firing pattern.
Repeated-measures ANOVA followed by Dunnett’s test or Tukey’s tests (Graphpad Prism,
5.0) were used for comparing the mean of the baseline with post-injection cell cycling
parameters, heart rate, rectal temperature, paw withdrawal latencies, and mechanical
thresholds. P < 0.05 was considered significant.

Histology
At the conclusion of the experiments, recording sites were marked with an electrolytic lesion,
and infusion sites by injection of pontamine sky blue dye. Animals were euthanized with an
overdose of methohexital, and perfused intracardially with physiological saline followed by
10% formalin. Recording and infusion sites were histologically verified and plotted on
standardized sections adapted from Paxinos and Watson [49]. Injection sites in the DMH and
control placements in surrounding regions are shown in Figure 1a. The RVM was defined as
the nucleus raphe magnus and adjacent reticular formation at the level of the facial nucleus.
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Recording sites were distributed in this region as in previous publications from this laboratory
[25,26]. Kynurenate infusion sites are shown in Figure 1b.

Results
Stimulation of the DMH gives rise to a significant thermal and mechanical hyperalgesia

We used a lightly anesthetized rat preparation in which we could record activity of
physiologically identified pain-modulating neurons in the RVM while monitoring nociceptive
threshold, rectal temperature, and heart rate. Focal microinjection of the GABAA receptor
antagonist bicuculline was used to activate the DMH. This approach has been adopted by other
investigators as a model for acute or “emotional” stress in awake behaving and anesthetized
animals [11]. We first determined whether stimulation of the DMH that mimicked stress in
evoking increased heart rate and hyperthermia also gave rise to behavioral hyperalgesia. As
expected, activation of the DMH resulted in an increase in both body temperature and heart
rate (Figures. 2, 3a). The new finding in the present experiments was that these animals also
showed robust thermal and mechanical hyperalgesia (Figure 3b). Withdrawal latency to heat
was shortened by an average of 1.3 ±0.3 s, which represents a decrease in threshold of
approximately 1.6 °C. Mechanical withdrawal threshold was also substantially reduced
following activation of DMH, so that animals responded to a von Frey filament intensity
normally considered innocuous. The effect of bicuculline was localized to the DMH, since
injection at control sites surrounding the DMH did not result in a significant change in paw
withdrawal latency or increase in body temperature (Fig 3a, b, open symbols).

The DMH has not classically been associated with modulation of nociceptive processing.
However, these data demonstrate that disinhibition of the DMH, a region critical for
physiological responses in various stress paradigms [11,31,35,60,65], evokes significant
thermal and mechanical hyperalgesia in parallel with the autonomic components of the stress
response.

Hyperalgesia induced by stimulation of the DMH is associated with activation of RVM ON-
cells and suppression of RVM OFF-cell firing

In order to determine whether the RVM pain-modulating system, known to mediate stress-
induced analgesia, could also contribute to stress-induced hyperalgesia, we recorded the
activity of identified ON-cells, OFF-cells, and NEUTRAL cells in the RVM of a subset of
animals before and after DMH activation. Because OFF-cells suppress, whereas ON-cells
facilitate, nociception [20], we expected that activation of the DMH that evoked hyperalgesia
should activate ON-cells and/or depress the firing of OFF-cells in the RVM.

As predicted, ON-cell and OFF-cell classes displayed reciprocal responses to DMH
stimulation. The ON-cell shown in Figure 4a illustrates the typical response of this cell class
to activation of the DMH, with a prolonged period of continuous firing starting almost
immediately after completing the injection in the DMH. The OFF-cell shown in Figure 4b
illustrates the characteristic response of cells of this class to DMH stimulation, with an extended
interval of inactivity, again beginning almost immediately after the DMH microinjection was
complete.

Data for all RVM neurons recorded are summarized in Figure 5, which shows overall ongoing
activity in baseline and following activation of DMH. In effect, DMH stimulation shifted the
balance of RVM activity, so that ON-cells as a population were more likely to be active, and
OFF-cells inactive (Table 1). For ON-cells, the significant increase in overall ongoing activity
represents more prolonged periods of activity following DMH stimulation, without increased
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firing rate when active. The change in OFF-cells complemented the activation of ON-cells,
with a shift towards fewer active periods. Firing rate during active periods was also reduced.

Reflex-related changes in ON- and OFF-cell activity were not generally discernible following
DMH stimulation, since ON-cells entered a phase of continuous firing after DMH stimulation
and OFF-cells became inactive (see individual paw withdrawal trials in Figure 4, for examples).
However, ON-cell firing rate at the time of the reflex generally paralleled the increase in
ongoing activity (Table 1).

None of the 11 NEUTRAL cells recorded responded to DMH stimulation (Figure 5).
Interestingly, this group included six possible serotonergic NEUTRAL cells, defined by slow
(< 2 Hz), regular activity [34].

Control injections of bicuculline in areas surrounding the DMH (Figure 1a) did not result in
significant changes in cell firing (11 ON-cells, 7 OFF-cells, 10 NEUTRAL cells, data not
shown).

Hyperalgesia evoked by DMH activation is mediated by RVM ON-cells
The correlative data presented above demonstrate that hyperalgesia, tachycardia, and
thermogenesis following DMH stimulation are paralleled by changes in firing of ON-cells and
OFF-cells, two classes of RVM neurons already known to modulate nociception. In order to
determine whether changes in ON- and OFF-cell activity mediate hyperalgesia and/or
autonomic changes following DMH activation, we next used the broad-spectrum excitatory
amino acid antagonist kynurenate to selectively reduce the excitability of ON-cells. Kynurenate
was infused into the RVM using a dose (1 nmol) shown previously to be relevant to the pain-
modulating function of this region in producing a selective attenuation of ON-cell firing [22].
A relatively large volume (200 nl) was employed, which is required to influence the broad area
over which ON- and OFF-cells are distributed, as seen for example in studies of secondary
inflammatory hyperalgesia and opioid analgesia [58,74]. RVM injection sites are shown in
Figure 1b.

We first confirmed that blocking excitatory amino transmission prevented activation of ON-
cells following DMH stimulation (Figure 6), without activating OFF-cells or altering the
ongoing firing of NEUTRAL cells (not shown), as has been reported previously [22,74]. The
effects of DMH activation on paw withdrawal latency, body temperature and heart rate in
animals pretreated with kynurenate are shown in the open bars in Figure 7 (n = 22). Data are
shown as change from baseline to aid comparison among the different dependent variables,
and the effects of DMH stimulation without RVM pretreatment are replotted from Figure 3 for
reference (black bars). By itself, kynurenate did not significantly reduce paw withdrawal
latency, heart rate, or body temperature (not shown). In animals pretreated with kynurenate,
DMH stimulation failed to evoke a significant thermal hyperalgesia (Figure 7, baseline, post-
kynurenate, and subsequent effect of DMH bicuculline microinjection compared using
repeated-measures ANOVA, F2,42 = 2.9, p = 0.06). By contrast, DMH-evoked hyperthermia
and tachycardia were not prevented by excitatory amino acid receptor block in the RVM
(temperature: F2,42 = 65.3, p < 0.0001 followed by Tukey’s post-hoc test; heart rate: F2,42 =
62.5, p < 0.0001 followed by Tukey’s post-hoc test).

Preferential suppression of ON-cell activation thus prevented hyperalgesia induced by DMH
stimulation, but did not block the accompanying increases in heart rate and rectal temperature.
As a positive control, we therefore tested the effect of blocking all RVM activity using the
GABAA receptor agonist muscimol, since other investigators have reported that the RVM
mediates the activation of brown adipose tissue and to some extent tachycardia following DMH
stimulation [7,30,56] and in a conditioned fear paradigm [69]. In the present experiments,
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muscimol microinjection in the RVM completely suppressed the firing of ON-cells, OFF-cells
and NEUTRAL cells for at least 45 min (6 cells tested in each class, data not shown), thus
verifying the inhibitory action of muscimol under the conditions of our experiments.

By contrast with kynurenate pretreatment, which interfered with activation of ON-cells and
hyperalgesia, muscimol pretreatment prevented both hyperthermia and tachycardia evoked by
DMH activation (n = 8). Muscimol in the RVM did not significantly alter body temperature
or heart rate (data not shown), but subsequent activation of DMH failed to evoke a significant
increase in either parameter (Figure 7, diagonally hatched bars; baseline, post-kynurenate, and
subsequent effect of DMH bicuculline microinjection compared using repeated-measures
ANOVA; temperature: F2,14 = 0.94, p = 0.41; heart rate: F2,14 = 0.90, p = 0.43).

RVM muscimol effects on DMH-evoked hyperalgesia were less straightforward. Repeated-
measures ANOVA demonstrated a significant change in paw withdrawal latency in this group
(F2,14 = 6.6, p = 0.0093). Unlike excitatory amino acid receptor antagonism, muscimol in the
RVM by itself produced a significant hyperalgesia (baseline: 4.4 ± 0.3 s, after muscimol: 2.7
± 0.4 s, p < 0.05 Tukey’s post-hoc test compared to baseline), presumably due to elimination
of an ongoing hypoalgesic influence of OFF-cell output [21]. Subsequent disinhibition of the
DMH in these animals did not result in a further reduction in paw withdrawal latency (2.6 ±
0.5 s, p < 0.05 compared to baseline, p > 0.05 compared to post-RVM muscimol, Tukey’s post-
hoc test). Although this may represent a floor effect, the failure of DMH activation to produce
a further decrease in paw withdrawal latency following suppression of RVM activity is
consistent with the actions of kynurenate in preventing DMH-evoked hyperalgesia. In addition,
post-treatment with RVM muscimol following DMH stimulation significantly attenuated the
hyperalgesia produced by DMH disinhibition (data not shown, repeated-measures ANOVA
followed by Dunnett’s test for comparison to baseline, p < 0.05, n = 8).

Discussion
Stress-induced hyperalgesia has now been demonstrated using a variety of paradigms, yet the
stress parameters that lead to hyperalgesia rather than analgesia have not been defined, and the
underlying neural circuits are almost unknown [42]. The present study points to top-down
activation of pain-facilitating neurons in the RVM as a possible circuit for stress-induced
hyperalgesia. The recruitment of pain-facilitating ON-cells following DMH stimulation thus
complements the activation of pain-inhibiting OFF-cells following opioid application in the
basolateral nucleus of the amygdala, a circuit-level model of stress-induced analgesia [27,
45], and suggests that differential recruitment of these two classes, possibly by different
forebrain pathways, differentiates stress-induced hyperalgesia and analgesia. Additional
pronociceptive influences to the RVM may arise from the interpeduncular nucleus and orbital
cortex [28,32].

Activation or disinhibition of the DMH has been increasingly recognized as a model of what
is referred to by various authors as “psychological”, “mild”, or “emotional” stress [11,35,60,
65]. Stimulation of the DMH gives rise to autonomic, endocrine, and behavioral changes
associated with stress in both anesthetized and awake behaving animals. These changes include
increased circulating levels of ACTH, increased body temperature (“stress hyperthermia”),
increased heart rate and blood pressure, hyperventilation and behavioral activation. Critically,
inactivation of the DMH interferes with autonomic and neuroendocrine responses to air-puff
stress, validating the physiological relevance of the DMH to organization of these various
aspects of the stress response [16,44,48,62,63]. These findings raised the possibility that the
DMH could contribute to stress-induced hyperalgesia via its connections with the RVM, a
region with a well-documented role in pain modulation [13,20]. Whether direct connections
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from the DMH to the RVM are critical, as has been argued for autonomic components of stress
[29,47,57,68], or whether the relevant pathway is multisynaptic is unknown.

In the present experiments, we took advantage of DMH stimulation as a circuit-level model of
stress appropriate for electrophysiological studies. We recorded activity of identified neurons
in the RVM, and found that DMH activation shifted the balance between pain-facilitating and
pain-inhibiting output channels from this region. ON-cells, known to facilitate nociception,
entered a prolonged period of continuous firing. OFF-cells, known to suppress nociception,
became less active or inactive. Selective block of the DMH-induced activation of ON-cells
using the excitatory amino acid receptor antagonist kynurenate prevented hyperalgesia,
showing that the behavioral hyperalgesia observed in these experiments required ON-cell
activation, although suppression of OFF-cell firing may also have contributed. Notably, many
models of persistent or abnormal pain in which the RVM has been shown to contribute to
hyperalgesia involve a positive feedback loop, with convergence of descending facilitation
upon sensitized circuits within the dorsal horn [50]. By contrast, the present findings represent
an entirely top-down regulation of spinal nociceptive processing, with hyperalgesia despite the
absence of a noxious conditioning stimulus. The pattern of ON-cell activation following DMH
stimulation nevertheless resembles that seen following cutaneous inflammation [38], with
ongoing activity of the ON-cell population predicting behavioral hyperalgesia.

Thermogenesis, and to some extent cardiovascular responses, associated with stress or evoked
by activation of the DMH are known to be mediated by a rostral ventromedial medullary region
centered on the raphe pallidus, a region that has been equated with the area that we refer to
here as the RVM [7,15,30,56,77]. We confirmed increased body temperature and tachycardia
following DMH activation in our lightly anesthetized animals, and showed that these expected
autonomic responses were associated with both hyperalgesia and changes in ON- and OFF-
cell discharge. This parallel raised the possibility that either or both of these cell classes, which
we have considered to be pain-modulating neurons [13,20], regulate autonomic outflow in
addition to nociceptive processing. If so, the early view that neurons of the brainstem reticular
core lack specificity of function would be supported (see Brazier [6] for historical review).
Indeed, ON- and OFF-cell firing has been reported to be correlated with a number of autonomic
parameters [43], and anatomical studies support a role for the RVM as a region in autonomic
control [37,47,66].

Nevertheless, both functional and anatomical studies suggest that neurons mediating
thermogenesis and tachycardia are more concentrated in nucleus raphe pallidus than in the
more dorsal aspects of the RVM known to be important in modulating nociception [8,47,66,
75,76]. Consistent with this more specific view of RVM function, the present findings argue
for a segregation of pain-modulation and autonomic control within the RVM, differentiated
not so much anatomically, but functionally, at the level of ON-, OFF- and NEUTRAL cell
classes. Selective block of ON-cells was compared to inhibition of all neurons in the region,
and the two approaches resulted in very different effects on DMH-evoked changes in
nociceptive threshold, body temperature, and heart rate. Thus, RVM microinjection of the
excitatory amino acid receptor antagonist kynurenate, at a concentration that depressed ON-
cell firing selectively, blocked the hyperalgesia evoked by DMH stimulation without
preventing thermogenesis or heart rate responses. By contrast, infusions of the GABAA
receptor agonist muscimol in the RVM, which non-selectively inhibited all neurons in the
region, abolished the increases in body temperature and heart rate produced by DMH
stimulation. These observations are consistent with and complement the recent report that
muscimol, but not kynurenate, in RVM interfered with tachycardia in a conditioned fear
paradigm [69]. Further, the fact that muscimol microinjection did not mimic the effect of DMH
activation indicates that changes in heart rate and body temperature are not due to the DMH-
evoked suppression of OFF-cell firing. Our findings thus indicate that different RVM cell
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classes play a primary role in pain modulation, cardiovascular control and thermoregulation.
The neural basis for thermogenesis and tachycardia remains to be identified physiologically in
the RVM.

In conclusion, stress and fear have long been recognized to give rise to a state of analgesia that
can be considered adaptive in allowing the organism to cope with more immediate challenges.
There is, however, a growing literature related to stress-induced hyperalgesia. This
hyperalgesia may in some situations represent an appropriate increase in vigilance to prevent
potential harm. Although the organismal and environmental variables that determine whether
a particular stressor is associated with analgesia or hyperalgesia have yet to be determined, the
present experiments show that activation of stress-related circuitry in the hypothalamus
activates pain-facilitating neurons in the RVM to produce hyperalgesia, suggesting a possible
neural mechanism through which stress could facilitate pain.
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Figure 1.
Histologically verified locations of infusion sites in the DMH and RVM.
a. Histologically verified locations of infusion sites in the DMH (n = 40, black filled triangles)
and surrounding area (n = 17, gray triangles). DmH: dorsomedial hypothalamus, F: fornix,
MT: mammilothalamic tract. Distance from bregma indicated on each section, as adapted from
the atlas of Paxinos and Watson [49].
b. Histologically verified locations of kynurenate infusion sites in the RVM. Distance from
bregma indicated on each section, as adapted from the atlas of Paxinos and Watson [49].
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Figure 2.
Raw traces document changes in heart rate (HR) and rectal temperature (Temp) triggered by
microinjection of bicuculline in the DMH (arrow).
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Figure 3.
Thermogenesis and tachycardia (a) evoked by activation of the dorsomedial hypothalamus are
accompanied by thermal and mechanical hyperalgesia (b).
a. Rectal temperature (Temp, left axis) and change in heart rate (ΔHR, right axis, baseline
399.8 ± 6.7 bpm) as a function of time following microinjection of bicuculline (10 pmol in 100
nl) into the DMH (arrow). Bicuculline injected into areas surrounding the DMH (placement
controls, open triangles) did not result in increased body temperature. This placement control
also supports the stability of this parameter over the course of the experiment.
b. Paw withdrawal latency to heat (left axis) and threshold for withdrawal to probing with von
Frey filaments (VF threshold, right axis) as a function of time following DMH disinhibition.
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Bicuculline injected into areas surrounding the DMH (placement controls, open triangles) did
not result in thermal hyperalgesia. This placement control also supports the stability of paw
withdrawal latency over the course of the experiment.
For rectal temperature and paw withdrawal latency, n = 40 in DMH group, 17 in outside DMH
group. For mechanical threshold n = 5, for heart rate n = 12. No difference between groups in
baseline. DMH injection sites are shown in Figure 1a. *p < 0.05 compared to baseline, repeated-
measures ANOVA for mean baseline and 45-min period after DMH activation (10 time points),
followed by Dunnett’s test when overall F was significant. Heart rate: F9,99 = 39.0, p < 0.0001;
Temperature: F9,351 = 43.5, p < 0.0001; Temperature/DMH placement controls: F9,144 = −7.5,
p < 0.0001; Paw withdrawal latency/DMH placement controls: F9,144 = 1.1, p = 0.36; Paw
withdrawal latency: F9,351 = 11.4, p < 0.0001; Mechanical threshold (only 9 time points):
F8,32 = 5.06, p = 0.004.
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Figure 4.
Typical responses of RVM ON-cells and OFF-cells to disinhibition of the DMH.
a. Potent activation of an RVM ON-cell following stimulation of the DMH. Ratemeter record
(firing rate in spikes/s) shows that, in baseline, this neuron was active 26% of the time, with
firing rate during active periods of 13.3 sp/s. After the DMH injection was completed, the cell
entered a prolonged period of continuous discharge that lasted over 7 minutes (firing rate 13.4
sp/s). The cell subsequently returned to its original firing pattern, with silent periods again
predominating (active 42% of the time, firing rate during active periods was 12.9 sp/s). This
neuronal response was temporally correlated with thermal hyperalgesia (paw withdrawal
latency decreased to 53% of baseline following DMH stimulation, paw heat trials indicated by
triangles below the trace). The animal also manifested a substantial increase in body
temperature (1.2 °C over baseline).
Individual paw withdrawal trials shown on an expanded time base below each ratemeter record
document the reflex-related burst on one trial in baseline; second trial following DMH
disinhibition is also shown.
b. Prolonged suppression of an OFF-cell following stimulation of the DMH. Ratemeter record
(firing rate in spikes/s) shows that cell activity was substantially depressed for over 10 minutes
before resuming at a lower level (14.5 sp/s in baseline, 5.8 sp/s following silent period). The
neuronal response was associated with thermal hyperalgesia (paw withdrawal latency
decreased to 79% of baseline following DMH activation, paw heat trials indicated by triangles
below the trace). The animal also displayed a 1.4 °C increase in body temperature compared
to baseline.
Individual paw withdrawal trials shown on an expanded time base below the ratemeter record
depict the reflex-related pause on one trial in baseline and the second trial following DMH
disinhibition. No pause is evident in the post-DMH trial, as the cell had no spontaneous activity
at that point.
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Figure 5.
Group data show overall ongoing firing rate of the three different RVM cell classes, ON-cells,
OFF-cells and NEUTRAL cells, over time. These cells were held successfully in a subset of
the animals shown in Figure 3. Microinjection of bicuculline in DMH (10 pmol/100 nl) at
arrow. (*p < 0.05, Friedman’s analysis of variance by ranks with critical value determined for
individual comparisons of 9 post-injection time points to mean baseline. ON-cells: Fr(9) = 37.2,
p < 0.0001; OFF-cells: Fr (9) = 56.5, p < 0.0001; NEUTRAL cells: Fr (9) = 23.5, p = 0.005)
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Figure 6.
Ratemeter records illustrate responses of two ON-cells to local administration of kynurenate
in the RVM immediately prior to microinjection of bicuculline in the DMH. Firing was
profoundly depressed in both cases, although the cell in the lower trace showed significant
recovery beginning about 25 min after the kynurenate. 1 s bins, triangles below the trace
indicate paw withdrawal trials. KYN: kynurenate microinjection in the RVM, BIC: bicuculline
microinjection in the DMH. Neither ON-, OFF- or NEUTRAL cell classes showed a significant
increase in activity following DMH disinhibition in kynurenate-pretreated animals (p > 0.05).
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Figure 7.
Effects of RVM pretreatment with kynurenate ( to prevent ON-cell activation selectively) or
muscimol (to inhibit all RVM neurons) on changes in paw withdrawal, body temperature, and
heart rate evoked by activation of the DMH. Mean paw withdrawal latency and heart rate in
the period 10–20 min after DMH activation and maximum increase in body temperature after
DMH activation are presented as difference from baseline to aid comparison among the
different dependent variables. Data for DMH activation alone with no RVM pretreatment are
replotted from Figure 3 (black bars) for reference. Kynurenate microinjection in the RVM
(open bars) prevented hyperalgesia, but not the DMH-evoked increase in body temperature or
heart rate. Muscimol microinjection (diagonal hatching) prevented both hyperthermia and
tachycardia. Animals pretreated with muscimol displayed significant hyperalgesia, but
muscimol by itself evoked hyperalgesia, as described in the text. For kynurenate group, n =
22, for muscimol group, n = 8. Data in these two groups were analyzed using a repeated-
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measures ANOVA comparing baseline, post-RVM injection, and after the subsequent DMH
bicuculline injection. Tukey’s post-hoc test was used to compare the post-DMH activation
timepoint with baseline and post-RVM microinjection. *p < 0.05 compared to baseline. RVM
injection sites are shown in Figure 1b.
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Table 1
Comparisons of cell parameters in baseline and following DMH stimulation
with focal application of bicuculline
Duration of single active/silent period: single longest active/silent period in
baseline compared to the continuous active/silent period beginning within 2 min
of completing the injection in DMH. Reflex-related firing is compared in baseline
and at 10 min after DMH stimulation, the time of peak change in withdrawal
threshold and ongoing activity. Other post-DMH BIC values represent an average
over the entire monitoring period. Values are means ± SEM.

Baseline Post-DMH BIC

ON cells

 Duration of single active period: 77.3 ± 35.6 s 661.3 ± 226.7 s*

 Percent of time active: 39.3 ± 12.7 % 59.3 ± 10.0%**

 Firing rate during active periods: 7.3 ± 1.3 sp/s 8.6 ± 1.3/sp/s

 Reflex-related firing: 7.1 ± 2.2 sp/s 10.4 ± 1.6 sp/s*

OFF Cells

 Duration of single silent period: 39.5 ± 13.9 s 668.3 ± 134.1 s**

 Percent of time active: 70.8 ± 7.8 % 42.5 ± 6.9 %**

 Firing rate during active periods: 8.3 ± 1.5 sp/s 5.6 ± 1.1 sp/s*

*
p < 0.05

**
p < 0.01 compared to baseline, t-test for correlated means
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