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Burstein, Rami, Hiroyoshi Yamamura, Amy Malick, and An- intracranial blood vessels and the consequent mechanical
drew M. Strassman. Chemical stimulation of the intracranial dura excitation of sensory fibers innervating them (Graham and
induces enhanced responses to facial stimulation in brain stem Wolff 1938). This theory, however, has not been validated
trigeminal neurons. J. Neurophysiol. 79: 964–982, 1998. Chemical due to lack of evidence for greater vasodilatation during
activation and sensitization of trigeminal primary afferent neurons headache attacks than during headache-free periods (Oleseninnervating the intracranial meninges have been postulated as pos-

et al. 1990; Zwetsloot et al. 1992). In recent years, alterna-sible causes of certain headaches. This sensitization, however, can-
tive theories have proposed a chemical mode of activationnot explain the extracranial hypersensitivity that often accompanies
of meningeal perivascular sensory fibers (Moskowitz et al.headache. The goal of this study was to test the hypothesis that
1988). According to these theories, ions, protons, and in-chemical activation and sensitization of meningeal sensory neurons

can lead to activation and sensitization of central trigeminal neu- flammatory agents that activate and sensitize peripheral noci-
rons that receive convergent input from the dura and skin. This ceptors (Handwerker and Reeh 1991; Steen et al. 1992,
hypothesis was investigated by recording changes in the respon- 1995) are released in the vicinity of sensory fibers innervat-
siveness of 23 [16 wide-dynamic range (WDR), 5 high threshold ing the dura after an episode of cortical spreading depression
(HT), and 2 low threshold (LT)] dura-sensitive neurons in nucleus (Lauritzen 1994) or neurogenic inflammation (Goadsby andcaudalis to mechanical stimulation of their dural receptive fields

Edvinsson 1993; Moskowitz and Macfarlane 1993). Al-and to mechanical and thermal stimulation of their cutaneous re-
though the cause of the initial release of these chemicalsceptive fields after local application of inflammatory mediators or
is unknown, a general notion has been developed recentlyacidic agents to the dura. Responses to brief chemical stimulation
suggesting that temporary exposure of perivascular fibers towere recorded in 70% of the neurons; most were short, lasting

the duration of the stimulus only. Twenty minutes after chemical chemical agents alters their sensitivity to mechanical stimuli
stimulation of the dura, the following changes occurred: 1) 95% and leads to the sensation of head pain. In support of this
of the neurons showed significant increases in sensitivity to me- idea, we showed that the application of acidic and inflamma-
chanical indentation of the dura: their thresholds to dural indenta- tory agents to the dura enabled peripheral fibers innervating
tion changed from 1.57 to 0.49 g (means, P õ 0.0001), and the the dura (Strassman et al. 1996) to respond to mechanicalresponse magnitude to identical stimuli increased by two- to four-

stimuli that initially evoked minimal or no response andfold; 2) 80% of the neurons showed significant increases in cuta-
proposed that this chemically mediated sensitization can ex-neous mechanosensitivity: their responses to brush and pressure
plain the hypersensitivity of migraineurs to changes in intra-increased 2.5- (P õ 0.05) and 1.6-fold (P õ 0.05), respectively;
cranial pressure (e.g., during coughing). While sensitization3) 75% of the neurons showed a significant increase in cutaneous

thermosensitivity: their thresholds to slow heating of the skin of peripheral fibers alone could account for intracranial hy-
changed from 43.7 { 0.7 to 40.3 { 0.77C (P õ 0.005) and to persensitivity, a central component is needed to account for
slow cooling from 23.7 { 3.3 to 29.2 { 1.87C (P õ 0.05); 4) the hypersensitivity that can develop during some headaches
dural receptive fields expanded within 30 min and cutaneous re- in the temporal, periocular, intraoral, and maxillary regions
ceptive fields within 2–4 h; and 5) ongoing activity developed in of the head and face (Drummond 1987; Langemark andWDR and HT but not in LT neurons. Application of lidocaine to

Olesen 1987). Based on previous studies (Beck and Hand-the dura abolished the response to dural stimulation but had mini-
werker 1974; Davis et al. 1993; Fjallbrant and Iggo 1961;mal effect on the increased responses to cutaneous stimulation
Handwerker and Reeh 1991; Kessler et al. 1992; Khan et al.(suggesting involvement of a central mechanism in maintaining
1992; Kumazawa et al. 1987b; Lang et al. 1990; Mizumura etthe sensitized state) . Antidromic activation (current of õ30 mA)

of dura-sensitive neurons revealed projections to the hypothalamus, al. 1987; Neugebauer et al. 1989) and on the notion that both
thalamus, and midbrain. These findings suggest that chemical acti- peripheral nociceptors and nociceptive dorsal horn neurons
vation and sensitization of dura-sensitive peripheral nociceptors contribute to the development of allodynia, hyperalgesia,
could lead to enhanced responses in central neurons and that this and persistent pain after inflammation (reviewed in Willis
central sensitization therefore could result in extracranial tender- 1992), we hypothesized that the chemically induced excita-ness (mechanical and thermal allodynia) in the absence of extracra-

tion of the dural primary afferents produces central changesnial pathology. The projection targets of these neurons suggest a
( in medullary dorsal horn neurons receiving input from thepossible role in mediating the autonomic, endocrine, and affective
dura, skin, hair follicles, cornea, and teeth) that could ac-symptoms that accompany headaches.
count for the extracranial hypersensitivity. We also hypothe-
sized that to mediate the autonomic symptoms that can ac-

I N T R O D U C T I O N company headache, these dura-sensitive neurons project to
sensory and limbic nuclei in the brain. Previous studies haveFor the past 50 years, the prevailing theory of migraine

has held that the pain results from an abnormal dilatation of focused on the mechanism that underlies the referred pain
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of intracranial origin by examining the distribution (Hoskin
et al. 1996; Kaube et al. 1993; Nozaki et al. 1992; Strassman
et al. 1994) and the response properties (Davis and Dostrov-
sky 1986, 1988a,b; Lambert et al. 1992; Strassman et al.
1986) of dura-sensitive neurons in the upper cervical and
medullary dorsal horn. Because central changes and sensiti-
zation were not examined in these studies, the possible role
of central trigeminal neurons in the altered sensitivity of
intra- and extracranial tissues during and after chemical dural
irritation remains unknown. Hence the present study exam-
ines changes that occur in intracranial and extracranial sensi-
tivities of brain stem trigeminal neurons after a brief expo-
sure of the dura to inflammatory agents and how these
changes are affected by local anesthetics. This study also
examines whether neurons that are activated by dural stimu-
lation project to the thalamus, hypothalamus, or other nuclei
in the brain stem and thus might be involved in mediating the
sensory, affective, and endocrine changes that occur during
headache.

M E T H O D S

Surgical preparation

Thirty-five male (20 cases) and female (15 cases) Sprague-
Dawley rats weighing 350–700 g were anesthetized with urethan
(1.2 g/kg ip) and treated with atropine (0.04 mg ip). A metal
tube was inserted into the trachea for artificial ventilation, and the
rat was mounted in a stereotaxic apparatus. End-tidal CO2 was
kept at 3.5–4.5%. Core temperature was kept at 377C. The laminar
process of C1 and the ventral portion of the occipital bone were
removed to allow the introduction of a recording electrode into
nucleus caudalis. Large portions of the frontal and parietal bones
were removed on both sides to allow mapping of the dural receptive
field in the first part of the experiment and the introduction of the
antidromic stimulating electrode in the second part. Usually, the
bone was removed from bregma (rostrally) to the cerebellum (cau-
dally) and 4 mm from the midline, bilaterally (as shown in Fig.
8) . The dura overlying the dorsal surface of the brain was covered
with warm saline. Rats were paralyzed with either gallamine triethi-
odide (0.5 g/kg ip injections) or 1:1 combination of doxacurium
chloride and pipecuronium bromide (0.5 mg/kg iv) and artificially
ventilated (room air) .

Neuronal identification
FIG. 1. A : experimental setup. Dura-sensitive neurons located in nucleus

caudalis were recorded with a tungsten microelectrode (R) and identifiedSingle-unit activity was recorded in the dorsal horn 0–2.5 mm
by electrical stimuli of the dura overlying the sinus with a bipolar electrodecaudal to the obex with stainless steel epoxy-coated microelec-
(S1). Changes in their sensitivity to dural and cutaneous stimulation weretrodes (8–12 MV) . To identify dura-sensitive neurons, the re-
determined after chemical stimulation of the dura. Once central changescording microelectrode was advanced into the dorsal horn while
were determined, 2 unipolar stimulating electrodes were lowered into the

single shocks (0.8 ms, 0.5–4.0 mA, 1 Hz) were delivered repeat- brain stem (S2) and diencephalon (S3) to map the projections of their
edly through a bipolar stimulating electrode placed on the dura axons. B : oscillographic tracing illustrating early spikes induced by a thresh-
overlying the ipsilateral transverse sinus (Fig. 1A) . These stimulus old stimulus ( top , 1 mA) and late spikes induced by a twofold increase in
parameters were capable of activating both Ad and C fibers that the stimulus intensity (bottom, 2 mA). Latencies in top trace occurred at

6.7, 9.1. and 13.6 ms. Latencies in bottom trace occurred at 7.8, 8.0, 10.1,innervate the dura (Strassman et al. 1996). Suprathreshold single-
14.0, 49, and 60 ms.shock stimuli typically evoked an early burst of action potentials,

which began at latencies of 5–9 ms (thought to initiated by Ad
fibers) , followed by a number of later action potentials the earliest tween the trigeminal ganglion and nucleus caudalis (Vc); without
latencies of which were Ç18 ms (thought to be initiated by C a loop through the trigeminal subnuclei oralis and interpolaris.
fibers) . On the basis of measurements of the distance between the
dural stimulation site and the trigeminal ganglion (12.5 mm) and Receptive fields mapping
between the trigeminal ganglion and the central recording site (15–
17 mm), it was calculated that the latencies of these early and late After determining whether the neuron received Ad- or C-fiber

input, stimulation was stopped for 10 min to allow the neuron todischarges corresponded approximately to that expected for action
potentials initiated by Ad (ú2.0 m/s) and C fibers (0.5–2.0 recover from the possible sensitizing effects of the search stimuli.

The dural receptive field was then mapped with electrical andm/s) , respectively. These calculations assume a straight line be-
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mechanical stimuli. The response threshold to electrical stimuli stimulator (Yale University) . Thermally conductive paste was ap-
plied to the skin and the stimulated surface was maintained atwas mapped at 2-mm intervals to determine the site with the lowest

threshold (as in Strassman et al. 1996) (Fig. 1C) . Then mechanical 357C during the periods between stimuli. Temperatures at which
neuronal activity increased by 50% over baseline (i.e., mean num-stimuli were applied with calibrated von Frey hairs to points on

the dura separated by 1 mm mediolaterally and 2 mm rostrocau- ber of spikes/second during the 30-s period before the initiation
of the stimulus) were considered as thresholds. Thermal responsesdally. At each point, a suprathreshold mechanical force (usually

4.19 g) was used to indent the dura several times. Points at which were determined by rapidly (107C/s) heating (to 37, 39, 41, 43,
45, 47, 49, and 517C) or cooling (to 33, 31, 29, 27, 25, 23, 21,this force produced a response in ¢50% of the trials were consid-

ered inside the neuron’s dural receptive field. The use of a supra- 19, 17, 15, 13, 11, and 07C) the skin in steps of increasing intensity
(Burstein et al. 1991). The interstimulus interval between thesethreshold force ensured a reliable identification of the receptive

field margins. In the few cases (3/20), in which 4.19 g could not steps was 180 s. To avoid sensitizing the cutaneous receptive field,
thermal stimulation was also brief (10 s) . To calculate the responseinduce neuronal responses from any point on the dura, larger forces

(4.64 and 5.16 g) were used. These forces were applied only to magnitude to each stimulus, the mean ongoing activity occurring
before the onset of the first stimulus (10 s for mechanical, 30 sthe dura overlying the sinuses because when they were applied to

other dural areas, they usually tore a hole in the dura. The cutaneous for thermal, 100 s for chemical) was subtracted from the mean
firing frequency that occurred throughout the duration of each stim-receptive field was mapped by applying brief innocuous (air puffs,

vibrissae and hair deflection, brush, and pressure) and noxious ulus. Action potentials were amplified, sent to a window discrimi-
nator, collected by computer, analyzed quantitatively by Neuro-(pinprick, pinch) mechanical stimuli to the nose, vibrissal pad,

upper and lower lips, tongue, cornea, skin areas above the eye spike software (Pearson Technical Software) , and presented as
peristimulus time histograms (500-ms binwidth) .(ophthalmic) , below the eye (maxillary) , on the ventral surface

of the face (mandibular) , and on the entire body. Low- and high-
threshold receptive fields were mapped separately. An area was Chemical stimulation and sensitization
considered outside the neuron’s cutaneous receptive field if no
stimulus was capable of producing a response in ¢50% of the Potentially sensitizing chemicals were applied topically to the
trials. Because of the complexity of these experiments, muscle dura for a period of 2–5 min. These chemicals included the in-
receptive fields and changes in their sensitivity were not examined. flammatory soup (IS; histamine, serotonin, bradykinin—10-3 M,

prostaglandin E2—10-4 M, at pH 5.0) (adapted from Steen et al.
1995), and low pH (pH 4.7) phosphate buffer (PB) (Steen et al.Mechanical and thermal stimulation
1992, 1995). When both chemicals were used, the dura was ex-
posed to the acid PB (2 min) first, rinsed with saline (10 min),After the receptive fields were mapped, the response properties
and then exposed to the IS (2 min). Responses to chemical stimuliof the neurons were studied by determining their mechanical and
were considered positive if the mean firing frequency during thethermal thresholds and by classifying them according to their re-
2-min period in which chemical agents were applied to the durasponsiveness to graded intensities of mechanical and thermal stim-
increased by ¢50% over the mean background activity occurringuli. Measurements of neuronal responses to these quantitative sen-
100 s before the stimulus. To prevent the chemicals from spreadingsory stimuli usually began 45 min after the last electrical stimulus
outside the dural receptive field, the position of the head waswas delivered to the dura. Mechanical thresholds for dural stimula-
adjusted so that the dorsal surface of the dura was perfectly hori-tion were determined with a series of calibrated von Frey hairs
zontal, a wall of agar was built around the craniotomy, and a small(Stoelting, tip shape: flat and round, diameter range: 0.15–0.38
piece of gelatin sponge soaked in the chemicals was then placedmm) applied to the most sensitive part of the dural receptive field
on the dura.in ascending order (0.080, 0.176, 0.217, 0.445, 0.745, 0.976, 2.35,

To determine the effects of chemical irritation of the dura onand 4.19 g). Each von Frey hair was applied to the dura once for
the responsiveness of the dura-sensitive neurons in Vc, dural and5 s. The response magnitude was determined by dividing the total
cutaneous receptive fields were mapped again, and all sensorynumber of spikes by the number of seconds the dura was indented
stimuli described above were repeated. The sizes of the dural and(i.e., mean spikes/second). The threshold value was considered
cutaneous receptive fields were examined at 30 and 60 min in thethe lowest strength von Frey hair that elicited at least one burst of
first 15 experiments and at 60, 120, 180 and 240 min in the last 8spikes in ¢50% of the trials.
experiments. Thresholds to mechanical stimulation of the dura wereResponses to mechanical stimulation of the skin were deter-
tested every 10 min for the first hour after the application of themined by applying brief (10 s) innocuous and noxious stimuli to
IS or the PB and then every hour until the end of the experiment.the most sensitive portion of the cutaneous receptive field. Innocu-
Cutaneous thermal thresholds usually were examined 15–30 minous stimuli consisted of slowly passing a soft bristled brush across
after the chemical irritation of the dura, and the responses to innoc-the cutaneous receptive field (one 5-s brush stroke from caudal to
uous and noxious cutaneous mechanical stimuli were examinedrostral and one 5-s brush stroke from rostral to caudal) and pressure
15, 30, and 60 min after dural stimulation and then every hourapplied with a loose arterial clip. Noxious stimuli consisted of
until the end of the experiment. To minimize the possibility thatpinch with a strong arterial clip and squeeze with nonserrated
our repeated stimuli could cause a change in the neuron’s respon-forceps. More intense or prolonged stimuli were not used to avoid
siveness, stimuli that were least likely to produce lasting changesinducing prolonged changes in spontaneous neuronal discharge
were applied first ( i.e., mechanical stimulation of the dura and theor response properties. Neurons classified as low threshold (LT)
skin) . Thresholds to thermal stimulation of the skin always wereresponded maximally or exclusively to innocuous stimulation.
determined last.Neurons classified as wide-dynamic range (WDR) responded to

brushing but responded at higher frequencies to noxious stimula-
tion. Neurons designated as high threshold (HT) did not respond Lidocaine application
to brushing but responded to more intense mechanical stimuli
(pressure, pinch, and squeeze) of their cutaneous receptive fields To determine the contribution of the incoming impulses from

the dura (Strassman et al. 1996) to the changes that occurred in(Dado et al. 1994b; Palecek et al. 1992). After the responses to
mechanical stimuli were determined, the thermal thresholds for the central neurons, we anesthetized the dural primary afferent

fibers and then tested the responsiveness of five central neurons tocutaneous stimulation were determined by slowly heating (35–
507C at a rate of 1.07C/s) or cooling (35–07C at a rate of 1.57C/s) stimulation of their cutaneous receptive fields and their ongoing

activity. The peripheral branches of the dural primary afferent neu-the cutaneous receptive field with a 9 1 9 mm contact thermal
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FIG. 2. A physiological baseline dem-
onstrating the stability of the sensory prop-
erties of the dura-sensitive neurons over
time. A : plots of repeated mechanical stim-
ulation of the cutaneous receptive field. B :
a plot of the threshold to repeated mechani-
cal indentation of the dura. C : a plot of the
threshold to repeated hot stimulation of the
skin. D : a plot of the ongoing activity rate
throughout the 2-h period. Note that in this
experimental design, neither time nor re-
peated mechanical and thermal stimulation
changed the sensory properties of the neu-
ron.

rons were anesthetized by applying gelfoam soaked with 5% lido- points were collided with antidromic spikes elicited from the mid-
brain to ensure that all spikes were generated by the same neuron.caine to the dural area that was exposed to the inflammatory soup.

This concentration was used because lower (1–2%) concentrations At the conclusion of each experiment, the recording site and the
low-threshold point(s) for antidromic activation were marked withof lidocaine failed to anesthetize the dura. Inability to induce neu-

ronal responses by stimulating the dura with suprathreshold me- electrolytic lesions (anodal DC of 25 mA for 20 s) . The distances
between the low-threshold points and the recording site were mea-chanical stimuli was used to confirm that the dural primary afferent

fibers were anesthetized. The ability to induce neuronal responses sured for calculating conduction velocities (CV). Rats were per-
fused with 1% potassium ferrocyanide in 10% formalin. The brainby stimulating the cutaneous receptive field was used to confirm

that the trigeminal ganglion was not affected and that the anesthesia and brain stem were removed, fixed, and reacted for Prussian blue
stain of ferric ions. The tissue was cut transversely (50 mm) on ahad not spread outside the dura. The interval between the applica-

tion of the IS and the lidocaine was 1 h in two cases and 2 h in freezing microtome and counterstained with Neutral red. Non-
stained and Nissl-stained sections containing the lesions were ex-three cases. After the application of lidocaine, mechanical threshold

to dural indentation, cutaneous receptive field size, the response amined with dark- and bright-field illumination, respectively. Loca-
tions of lesions were reconstructed by use of a camera lucida.profile of the neuron to mechanical stimulation, and the thresholds

to thermal stimuli were determined at 30-min intervals for ¢2 h.

Statistical analysis

Antidromic stimulation and anatomic analysis Data are presented as means { SE for arithmetic averaging and
compared statistically with the parametric Student’s t-test for all

Finally, the projection targets of the dura-sensitive neurons were but the von Frey hair measurements. Von Frey hair measurements
determined by using the same antidromic microstimulation map- are compared with the nonparametric Wilcoxon signed-rank test.
ping technique that was described in Burstein et al. (1991), Dado
et al. (1994a), and Fields et al. (1995). In brief, one unipolar

R E S U L T Sstimulating electrode was moved systematically through the mid-
brain and an antidromic stimulus (cathodal pulse 500 mA, 200 ms,

Neuronal identification10 Hz) was delivered until a point was found at which the anti-
dromic threshold was °30 mA. A second stimulation electrode Thirty-five trigeminal brain stem neurons that respondedthen was lowered into the diencephalon and systematically moved

to electrical stimulation of the dura (Fig. 1) were identified.from medial to lateral (300-mm intervals) , from dorsal to ventral
In 23 cases, physiological baseline was established and the(200-mm intervals) and from anterior to posterior (500-mm inter-
neurons were tested for sensitization, in 8 cases, sensitizationvals) to determine whether the axon continued to the hypothalamus
was not tested, and in 4 cases, the initial level of ongoingor thalamus (or both) . When several low-threshold points were

found in the diencephalon, antidromic spikes elicited from these activity was so high that it was not possible to study the
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neurons further. Because the focus of this study was to deter- periods of pause in activity (Fig. 3D) . Usually, neurons
exhibiting oscillating responses after the chemical stimula-mine the changes that occur in central trigeminal neurons

after chemical irritation of the dura, only the last 23 neurons tion of the dura had a tendency to show oscillations in ongo-
ing discharge before the dural stimulation (see Fig. 3D) .are described in detail. Of these 23, 17 neurons (14 WDR

and 3 HT) that exhibited a reproducible burst of discharges
at 5–15 ms and a unitary discharge at 18–60 ms were classi-

Changes in neuronal responses induced by chemicalfied as receiving Ad- and C-fiber inputs, 1 neuron (HT)
irritation of the duraexhibited only the early discharge and was classified as re-

ceiving only Ad-fiber input, and 3 neurons (2 WDR and 1
INCREASED SENSITIVITY TO MECHANICAL STIMULATION OFHT) exhibited only the late (18–60 ms) discharge and were
THE DURAL RECEPTIVE FIELD. The effect of chemical stimu-classified as receiving C-fiber input only.
lation of the dura on dural mechanosensitivity was examinedOnce a dura-sensitive neuron was identified, it was neces-
in 23 neurons (16 WDR, 5 HT, and 2 LT) by indenting thesary to determine how stable the sensory properties of the
dura with von Frey hairs. In most cases, dural indentationneuron were over time without the chemical stimulation. In
with von Frey hairs induced a rapidly adapting responsethree experiments, the threshold to mechanical indentation
consisting of a 2- to 5-s burst of spikes (Fig. 4A) . Responsesof the dura, the response profile to innocuous and noxious
to dural indentation with varied forces were examined beforemechanical stimulation of the skin, the thresholds to heating
topical application of chemical agents to the dura and 10–the cutaneous receptive fields, and the spontaneous activity
60 min after the chemical agents were removed (Table 1rate were examined every 30 min for a 2-h period (5 min
and Fig. 4A, left vs. right columns). Before the chemicalinterstimulus interval) . Figure 2 illustrates the results of one
stimulation, mechanical indentation of the dura with forcesof these experiments. As demonstrated by the figure, the
of °4.19 g induced responses in 20 neurons (87%). Afterneuron maintained its sensory properties throughout the 2-
the chemical stimulation of the dura, the neurons showed ah period in spite of the repetitive stimulation. Five series of
significant increase in their sensitivity to dural indentationinnocuous and noxious mechanical stimulation of the skin
(Fig. 5A) as the minimum force (threshold) required toinduced in this neuron similar responses (Fig. 2A) , its
activate them dropped Ç70%, from 1.57 to 0.49 g (means,thresholds to mechanical indentation of the dura remained
unpaired Wilcoxon signed-rank test, P õ 0.0001). Similarat 2.35 g (Fig. 2B) , its threshold to heating of the skin
changes in the mechanosensitivity of the neurons to duralremained at 47–487C (Fig. 2C) , and its ongoing activity
stimulation were found when HT, WDR, and LT neuronsremained õ1 spike/s (Fig. 2D) . In six additional experi-
were analyzed separately. Mechanical thresholds droppedments, stimulation of the dura and the skin were repeated
from 1.6 to 0.2 g (means) for HT (87.5%), from 1.55 totwo to three times before the chemical irritation of the dura.
0.6 g for WDR (61%), and from 1.54 to 0.2 g for LTIn these cases, responses to brush, pressure, and pinch varied
neurons (87%). An example of these changes is illustratedminimally. Thresholds to dural indentation and rates of on-
in Fig. 4A. In this case, the threshold to mechanical stimula-going activity did not change. Thresholds to hot and cold
tion of the dura was 2.35 g (Fig. 4A, left) before the applica-stimulation did not change in 70% of the cases and varied
tion of low-pH PB to the dura, and then dropped to 0.217by 1–27C in 30% of the cases. The response properties of
g (Fig. 4A, right) 20 min after the chemical irritation. Fi-all 23 neurons described in this study were consistent. In
nally, the three mechanoinsensitive neurons became mecha-seven cases, responses to repeated mechanical and thermal
nosensitive after the chemical stimulation of the dura.stimulation were inconsistent. These later cases were not

This intracranial hypersensitivity usually developed grad-studied further for lack of a baseline value.
ually within 20–30 min (Fig. 5B) . It lasted up to 1 h in 12
cases (10 WDR, 1 HT, and 1 LT), up to 2 h in 5 cases (3Chemosensitivity
WDR, 2 HT, and 1 LT), up to 3 h in 4 cases (2 WDR and
2 HT), and longer than 5 h in 2 cases (1 WDR and 1In the 23 cases in which chemical stimuli were applied
HT). An example of a short- and a long-lasting mechanicaltopically to the dural receptive field, 15 neurons were ex-
hypersensitivity to dural indentation is illustrated in Fig. 5B.posed to both low-pH PB (pH 4.7) and IS (histamine, seroto-
After the application of IS to the dura for 2 min, the thresholdnin, bradykinin—10-3 M, prostaglandin E2—10-4 M, at pH
of one neuron (WDR, s) dropped from 2.35 to 0.217 g in5.0) , 4 neurons were exposed only to IS, and 4 neurons
30 min. The mechanical threshold returned to 2.35 g withinwere exposed only to the low-pH PB (Table 1). Each chemi-
90 min. The threshold of the second neuron (HT, m)cal usually was applied to the dorsal surface of the dura for
dropped from 0.745 to 0.217 g within 30 min and remaineda 2-min period. Seventy percent (16/23) of the neurons were
at 0.217 g for 7 h.chemosensitive; 6 responded to the IS only, 3 responded to

In addition to the drop in threshold, the intracranial hyper-the PB only, and 7 responded to both. Figure 3 illustrates
sensitivity also was reflected by the increase in the magni-four neurons that exhibited different patterns of response
tude of the responses to the dural indentation (Fig. 5C) . Theto the chemical stimuli. As indicated in the figure, topical
response magnitude was determined by dividing the totalapplication of a soup of inflammatory agents (Fig. 3, A and
number of spikes by the number of seconds the dura wasD) or low-pH PB (Fig. 3, B and C) induced an immediate
indented (i.e., mean spikes/second). Complete data wereresponse in 16 chemosensitive neurons. In 10 cases, re-
recorded for these stimulus-response curves in 16 cases (11sponses were short, lasting the duration of the stimulus only
WDR, 3 HT, and 2 LT). As indicated, chemical stimulation(Fig. 3, A and B) , in 4 cases, they were long, outlasting the
lowered the threshold and increased the response to supra-stimulus by Ç10 min (Fig. 3C) , and in 2 cases, responses

were characterized by long periods of bursting and short threshold stimuli two- to fourfold.
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TABLE 1. Summary of all experiments in which chemical stimulation was applied to the dura

Before Chemical Stimulation After Chemical Stimulation After Lidocaine

Skin* Chemical Skin* Skin*Sinus and Sinus and Sinus and
dura VFH dura VFH dura VFH

threshold, g Br Pr Pi Sq Heat Cold IS PB threshold, g Br Pr Pi Sq Heat Cold threshold, g Br Pr Pi Sq Heat Cold Location Input

1 4.19 0 1 6 7 NR 0.217 10 5 7 9 Vc i-ii Ad

2 0.976 23 25 52 42 R NR 0.976 27 36 48 50 Vc-lat Ad / C
3 0.976 10 32 33 NR 0.217 25 30 36 Vc i-ii C
4 NR 12 53 62 65 R R 2.35 Vc-v C
5 2.35 3 5 10 21 NR NR 0.745 17 21 24 22 C1 ii-iii C
6 NR 0 1 11 12 NR NR 0.217 6 6 24 20 Vc i-ii C
7 NR 5 45 30 36 NR NR 0.217 ? Ad / C
8 0.745 5 3 31 10 R R 16 12 19 25 C1-v Ad / C
9 2.35 11 21 45 42 49 11 R 0.745 6 19 45 34 Vc iv-v Ad / C

10 0.745 18 83 83 43 47 31 NR 0.445 53 71 53 69 Vc-v Ad / C
11 2.35 13 44 38 31 42 27 NR NR 0.745 60 34 46 24 40 33 C1-v Ad / C
12 2.35 5 48 75 63 47 NT R 0.976 18 72 81 44 39 29 Vc iv-v Ad / C
13 2.35 33 84 46 47 40 21 R 0.217 38 33 Vc iii-iv
14 0.976 6 46 86 80 47 29 R R 0.445 5 66 90 51 47 28 C1-v Ad / C
15 0.745 36 50 56 34 42 33 R 0.172 45 41 69 49 42 33 Vc-v
16 0.745 11 19 39 50 40 30 R R 0.08 30 73 84 60 39 33 Vc-v Ad / C
17 0.217 9 11 46 34 44 7 NR R 0.08 17 71 68 54 42 20 Vc-lat Ad / C
18 0.976 0 30 47 45.5 NR R NR 0.445 8 48 89 39.5 NR Vc-v C
19 0.976 12 18 56 39 NR 7 R R 0.217 38 51 54 NR 21 Anesthetized 26 40 49 Vc-v Ad / C
20 0.976 1 56 78 47 43 33 R R 0.08 23 75 97 34 39 34 Anesthetized 19 33 62 49 Vc-lat Ad / C
21 4.19 6 21 35 44 NR R NR 0.745 63 121 114 39.7 NR Anesthetized 36 70 133 44 C1-v Ad / C
22 0.445 0 12 34 46 26 R R 0.217 9 37 50 40 28 Anesthetized 14 42 49 38 30 Vc-v Ad / C
23 0.976 4 53 81 R 0.217 30 35 20 Anesthetized 28 35 42 Vc-v Ad / C

NR, no response during chemical stimulus; R, response during chemical stimulus; blank bloxes, not tested; Vc, nucleus caudalis; Vi, nucleus interpolaris; lat, lateral lesions that cannot be assigned to a
particular lamina; VFH, von Frey hair; IS, inflammatory soup; PB, phosphate buffer. * Brush (Br), pressure (Pr), pinch (Pi), and squeeze (Sq) values are in mean spikes per second; heat and cold are in
degrees Celsius.

INCREASED SENSITIVITY TO MECHANICAL STIMULATION OF THE INCREASED SENSITIVITY TO THERMAL STIMULATION OF THE

CUTANEOUS RECEPTIVE FIELD. The effect of chemical stim-CUTANEOUS RECEPTIVE FIELD. The effect of chemical stimula-
tion of the dura on cutaneous mechanosensitivity was examined ulation of the dura on thermosensitivity was examined in 12

neurons (Table 1). Responses to slow heating (17C/s) ofin 20 neurons (5 HT, 14 WDR, and 1 LT). Responses to
innocuous and noxious mechanical stimulation of the cutaneous the cutaneous receptive field were examined before topical

application of chemical agents to the dura and 20–30 minreceptive field were examined before topical application of the
chemical agents to the dura and 15–30 min after the chemical after the chemical agents were removed. After the chemical

stimulation of the dura, the neurons showed a significantagents were removed. After the dural stimulation, the neurons
showed significant increases in their responses to brush (2.5- increase in their sensitivity to heating as their thresholds

dropped from 43.7 { 0.77C (mean { SE) to 40.3 { 0.77Cfold, P õ 0.05) and pressure (1.6-fold, P õ 0.05) with no
significant changes in their responses to pinch or squeeze (Table (P õ 0.005, Student’s paired t-test) . Figure 7A (s) shows

the changes in thresholds to heat stimulation of all 12 neu-1, Fig. 6). However, when this analysis was made separately
for HT (m) and WDR (s) neurons (Fig. 6), one difference rons. In nine cases, heat thresholds dropped, in two cases,

they were unchanged, and in one case, the neuron did notwas found. Although HT neurons showed significant increases
in their responses to brush (56-fold, P õ 0.05), pressure (1.7- respond to heat before or after the chemical irritation of

the dura. An example of a change in the threshold to hotfold, Põ 0.05), and pinch (1.5-fold, Põ 0.05), WDR neurons
showed significant increases in their responses to brush (2.4- stimulation is illustrated in Fig. 4C. Initially, the thermal

threshold of this neuron to slowly heating the cutaneousfold, P õ 0.05), and pressure (1.6-fold, P õ 0.05) only. An
example of the changes that occurred in the cutaneous mechano- receptive field from 35 to 457C was 427C (Fig. 4C, left) .

However, 30 min after the chemical irritation of the dura,sensitivity of one WDR neuron is illustrated in Fig. 4B. In this
case, the neuron responded maximally to noxious mechanical the threshold to heat dropped to 397C and a threefold increase

in neuronal activity was registered (Fig. 4C, right) . Figurestimulation of the skin (Fig. 4B, left) before the application of
low-pH PB to the dura. However, 25 min after the chemical 7B illustrates an example of the effect of dural irritation on

the magnitude of the response to heat stimulation of the skin.irritation its response to brushing the cutaneous receptive field
increased fourfold, becoming as large as its response to noxious Two series of heat stimuli were applied to the skin before

the chemical irritation of the dura (open circles) . The firststimulation (Fig. 4B, right). As a result of the increase in the
responses to innocuous and noxious mechanical stimulation, the was used to determine the baseline, and the second was

used to show that the first series did not sensitize the skinclassification of 11 neurons were changed: 1 HT and 6 WDR
neurons were changed to LT and 4 HT neurons were changed (stimulation lasted for 10 s only) . Twenty minutes after the

application of the IS to the dura, another series of heat stimulito WDR. Of the remaining nine neurons, five WDR units re-
sponded more vigorously after the chemical irritation of the dura was applied (filled squares) . This series shows the increased

response to identical thermal stimuli.although their classification did not change, and the responses of
three WDR and one LT units did not change. Thus 4/20 neurons In 11 cases, responses to slow cooling (1.57C/s) of the

cutaneous receptive field were examined before topical ap-(20%) did not exhibit extracranial cutaneous hypersensitivity
to mechanical stimulation. plication of chemical agents to the dura and 20–30 min
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no ongoing activity (0–3 spikes/s) and 5 neurons (26%)
had an ongoing activity rate of 8–28 spikes/s. Of the first
group, 9/14 neurons (64%) exhibited an increased rate of
ongoing activity and 5/14 neurons (36%) did not. Of the
second group, 4/5 neurons (80%) exhibited an increased
rate of ongoing activity and one neuron did not. Among
the different classes of neurons, 77% (10/13) of the WDR
neurons and 75% (3/4) of the HT neurons developed in-
creased spontaneous activity. In contrast, the two LT neurons
did not.
RECEPTIVE FIELDS. The extracranial and intracranial excit-
atory receptive fields of the 23 neurons that were tested for
sensitization are illustrated in Fig. 8. Intracranial receptive
fields were generally small. They spanned 1–2 mm in most
cases and 2–6 mm in a few cases. They were restricted to
the dura overlying the transverse sinus in 8 cases, included
the transverse sinus and adjacent areas in 11 cases, were
anterior or posterior to the transverse sinus in 3 cases, and
included the superior sagittal sinus in 2 cases. All dura-
sensitive neurons had cutaneous receptive fields. Cutaneous
receptive fields included skin areas innervated by one (n Å
10), two (n Å 7), or all three (n Å 6) divisions of the
trigeminal nerve. In general, the most common receptive
field site (95%) was found on areas innervated by the oph-
thalmic branch of the trigeminal nerve (V1). In 9 cases,
cutaneous receptive fields were restricted to the territory of
V1, and in 21 cases they were found to be most sensitive
within the territory of V1. Nevertheless, nearly 60% (14/
23) of the dura-sensitive neurons exhibited receptive fields

FIG. 3. Responses to chemical stimuli of 4 dura-sensitive neurons. Topi- on skin areas innervated by the maxillary (V2) and/or thecal application of chemical agents found in inflamed tissue or low pH buffer
mandibular (V3) branches.induced short (A and B) , long (C) , and oscillating (D) responses in dura-

After the application of the IS or the low-pH PB to thesensitive neurons. A and B : peristimulus time histograms showing responses
that lasted only the duration of the stimulus in 2 different cases. Lines dura, intracranial (dural) receptive fields expanded in 10/
above histograms indicate duration of dural exposure to inflammatory soup 15 cases, and extracranial (cutaneous) receptive fields ex-
(IS) and phosphate buffer (PB). C : peristimulus time histogram demonstra-

panded in 4/8 cases. The expanded areas of the receptiveting responses that outlasted the chemical stimuli by¢10 min. D : peristimu-
fields are illustrated by the light gray color in Fig. 8. Al-lus time histogram showing oscillatory response of a neuron after a 2-min

application of the IS to the dura. though expanded dural receptive fields were recorded in 3/
5 HT neurons, 2/2 LT neurons, and 5/16 WDR neurons,
expanded cutaneous receptive fields were recorded only inafter the chemical agents were removed (Table 1). After
WDR neurons (see row 3, columns 1–4 in Fig. 8) . Andthe chemical stimulation of the dura, the neurons showed a
although dural receptive fields expanded within 30 min fromsignificant increase in their sensitivity to cold stimulation as
the time chemical irritants were applied to the dura, thetheir thresholds changed from 23.7 { 3.37C (mean { SE)
cutaneous receptive fields required 2–4 h before changesto 29.2 { 1.87C (P õ 0.05, Student’s paired t-test) . Figure
were observed. Expanded cutaneous receptive fields always7A (l) shows the changes in threshold to cold stimulation
were accompanied by sustained sensitization to mechanicalof the 9/11 (82%) neurons that responded to the cold stim-
and heat stimulation. In the first 15 experiments, cutaneousuli. As shown, 7/9 neurons (77%) became more sensitive
receptive fields were mapped only at 30 and 60 min afterto the cold stimulus after the chemical irritation of the dura,
the application of the chemical irritants to the dura; this mayone neuron became less sensitive, and the sensitivity of one
explain the failure to observe expanded receptive fields inneuron did not change. An example of a change in the thresh-
these neurons.old to cold stimulation is illustrated in Fig. 4D. Initially,

the thermal threshold of this neuron to slowly cooling its
Lidocaine effectscutaneous receptive field from 35 to 07C was 217C (Fig.

4D, left) . However, 35 min after the chemical irritation of In five cases in which intracranial and extracranial sensiti-
the dura, the threshold to cold changed from 21 to 337C and zation lasted for 2–5 h, successful attempts were made to
the magnitude of the response increased (Fig. 4D, right) . anesthetize the primary afferent fibers that innervate the

dura. In these cases, 5–10% lidocaine was applied to theONGOING ACTIVITY. The ongoing activity of the neurons
following the topical application of the IS or the low-pH PB external surface of the dura one (2 cases) or two (3 cases)

hours after the sensitization was initiated by the chemicalto the dura was recorded in 19 cases (13 WDR, 4 HT, and
2 LT). The ongoing activity rate of 13/19 neurons (68%) stimulation. Figure 9 illustrates the effects of anesthetizing

the dura on the sensitivity of one neuron. In the illustratedincreased after the chemical stimulation of the dura. Before
chemical stimulation, 14 (74%) of the neurons had little or case, the neuron had an ongoing activity rate of Ç2 spikes/s,
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SENSITIZATION OF VC NEURONS BY DURAL STIMULATION 971

FIG. 4. Development of intracranial
and extracranial hypersensitivity after
chemical irritation of the dura. Compari-
sons of physiological responses of a dura-
sensitive neuron in lamina V of nucleus
caudalis (Vc) that projects to the hypothal-
amus ( top row) . Responses of the neuron
to a graded increase in the intensity of me-
chanical indentation of the dura (A) , me-
chanical stimulation of the skin (B), and
slowly heating (C) and cooling (D) the
skin are shown before ( left) and after
(right) the irritation of the dura with the
low pH buffer. Black area in the hypothala-
mus depicts low-threshold point for anti-
dromic activation, black dot in the brain
stem depicts recording site, black areas on
the skin and dura depict sizes and locations
of receptive fields before the chemical irri-
tation of the dura, and gray area on the dura
depicts the expanded receptive field after
the chemical irritation. Numbers above
lines in A indicate forces of von Frey hairs,
boxes in A depict the mechanical threshold,
and numbers under lines in B indicate mean
number of spikes per second in response to
each stimulus. Arrowheads in C and D
show the temperature at which a response
occurred. Note the drop in the mechanical
threshold of the dural receptive field, the
exaggerated response to brushing the skin,
and the drop in the thresholds for heating
and cooling the skin. HYP, hypothalamus;
Br, brush; Pr, pressure; Pi, pinch; Cr,
squeeze; VBC, ventrobasal complex.

a mechanical threshold to dural stimulation of 0.976 g, and ongoing activity rate remained elevated although it dropped
17%, and the response to brush resembled that of the sensi-a low rate of response to brushing its cutaneous receptive

field. After a 2-min application of low-pH PB to the dura, tized state. The neuronal responses and the ongoing activity
remained elevated 30, 60, 90, and 120 min after the durathe ongoing activity increased toÇ30 spikes/s, the threshold

to mechanical stimulation of the dura dropped to 0.217 g, was anesthetized. In the other cases in which lidocaine was
applied to the dura after the establishment of a sensitizedand the response to brushing the skin increased fivefold. One

hour later, lidocaine was applied topically to the dura. Fifteen state, similar results were recorded (Table 1, last 5 rows) .
The responses to brush that increased sevenfold (P õ 0.05)minutes later, suprathreshold electrical and mechanical stim-

ulation of the dura failed to induce a neuronal response, the after the chemical stimulation of the dura, remained elevated
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FIG. 5. Intracranial mechanical hyper-
sensitivity. A : plots of mechanical thresh-
olds to dural indentation of 23 neurons be-
fore and 20 min after the application of
chemical agents to the dura. s, 16 wide-
dynamic range (WDR) neurons, m, 5 high-
threshold (HT) neurons, and , 2 low-
threshold (LT) neurons. Note that in all but
1 case, mechanical thresholds decreased.
B : time course for the development of in-
creased sensitivity of the dural receptive
field. In 1 case (WDR unit) , before the
application of the IS, the threshold to me-
chanical indentation of the dura was 2.35
g. However, immediately after 2-min appli-
cation of the IS to the dura, the threshold
started to decrease. It reached maximal sen-
sitivity (lowest threshold) within 30 min
and recovered within 90 min. In the other
case (HT unit) , the threshold to mechanical
indentation of the dura was 0.745 g before
the chemical irritation, dropped to 0.217 g
within 20 min, and remained lowered
throughout the 7-h period during which the
neuron was studied. Gray area indicates the
time at which chemical stimulus was ap-
plied. C : plots of 16 (11 WDR, 3 HT, and
2 LT neurons) stimulus-response curves in-
dicating the number of spikes induced by
each force of dural indentation before and
20 min after the chemical stimulus. Thick
lines indicate mean number of spikes in-
duced by each force. Note that the thresh-
olds decreased and the magnitude of the
responses increased. NR, not responsive.

(fivefold) after the lidocaine application to the dura. Statisti- in the caudal half of Vc (1–2 mm caudal to Vc/Vi transition
zone), 3/23 neurons (16%) were recorded in the C1/Vc tran-cal comparisons between the three conditions shows that

after the lidocaine application to the dura, the responses to sition zone (1.75–2.25 mm caudal to Vc/Vi transition zone),
and 1/23 neurons was in C1. Within the different laminae,brush differed (P õ 0.005) from the responses to brush

before but not after the chemical stimulation of the dura. the locations of lesions marking the recording sites of the
sensitized neurons were assigned to laminae I-II in 3 cases,
laminae III-IV in 1 case, and lamina V in 12 cases. One lesionLocation of recording sites
included the laminae II/III border, two lesions included the

Recording sites were identified for 34 dura-sensitive neu- laminae IV/V border, and three lesions included the most
rons in the trigeminal Vc and first cervical segment (C1). medial portion of laminae I-II (ventrolaterally), the most ven-
Figure 10 illustrates the recording sites of 22 neurons that trolateral area of laminae III-IV, and the nearby corner of
were sensitized (black dots), 4 neurons in which the spontane- lamina V. These six lesions were not assigned to any particular
ous activity rate was too high to allow further examination lamina. The neurons that were not tested for the sensitizing
(stars), and 8 neurons that were characterized physiologically effects of the inflammatory mediators or the PB were located
but not tested for sensitization (gray dots). The location of one in laminae I-II and V of C1 and in the transition zone between
dura-sensitive neuron that was sensitized was not recovered. C1 and Vc.
Examples of lesions at recording sites in laminae I-II and V
are illustrated in Fig. 11, G and H. As shown in Fig. 10, all Projection sites
sensitized neurons were recorded in the ventrolateral part of
C1 dorsal horn and Vc. Along this area, 1/23 neurons was In 14/20 attempts (70%), dura-sensitive neurons were

antidromically activated from the diencephalon and therecorded at the level of Vc/Vi transition zone, 4/23 neurons
(22%) were found in the rostral half of Vc (0–1 mm caudal course of their axons was mapped (Burstein et al. 1990;

Fields et al. 1995). Of these, seven neurons were exposedto Vc/Vi transition zone), 13/23 neurons (57%) were located

J456-7/ 9k25$$fe13 01-19-98 10:21:49 neupal LP-Neurophys

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (041.013.243.190) on July 19, 2018.
Copyright © 1998 American Physiological Society. All rights reserved.



SENSITIZATION OF VC NEURONS BY DURAL STIMULATION 973

only, two from the hypothalamus only, two from both the
thalamus and hypothalamus, and two from the parabrachial
area. Of the seven neurons that were not tested for sensitiza-
tion, three were activated antidromically from the hypothala-
mus only, three from both the hypothalamus and deep mes-
encephalic area in the midbrain, and one from the hypothala-
mus and thalamus. Figure 12A illustrates the antidromic
activation of a sensitized dura-sensitive neuron and the map-
ping of its axon in the hypothalamus and the thalamus. Low-
threshold points for antidromic activation of all 14 neurons
are illustrated in Fig. 12B. They were found in the ventro-
posterior medial (VPM) and parafascicular (PF) thalamic
nuclei, lateral preoptic, anterior, lateral, perifornical and cau-
dal hypothalamic areas, and the pontine parabrachial region.
Most axons reached the caudal diencephalon through the
central tegmental field (a poorly defined area between the
central gray and the medial geniculate nucleus) and the cere-
bral peduncle. Those projecting to the thalamus issued collat-
eral branches that crossed zona incerta. Those projecting to
the hypothalamus continued with the supraoptic decussation.
Photomicrographs illustrating locations of low-threshold
points in the hypothalamus, VPM, PF, zona incerta, internal
capsule, and central tegmental field are shown in Fig. 11
(A–F) .

FIG. 6. Extracranial mechanical hypersensitivity. Plots show changes
D I S C U S S I O Nthat occurred in the responsiveness of 20 neurons to innocuous (brush,

pressure) and noxious (pinch, squeeze) mechanical stimulation of their
In this study, brief exposure of the dura to chemical agentscutaneous receptive fields after the application of chemicals to the dura. s,

14 WDR neurons; m, 5 HT neurons; and , 1 LT neuron. Numbers on top associated with inflammation caused central dura-sensitive
indicate the means { SE number of spikes induced by each stimulus for neurons to become more sensitive to mechanical stimulation
the entire population. of the dura and to mechanical and thermal stimulation of

the skin, to increase their dural and cutaneous receptive field
size, and to develop ongoing activity. These findings suggestto the IS and then developed sensitization, and seven neurons

were not tested for sensitization. Of the seven sensitized that the occurrence of extracranial tenderness in headaches
that have an intracranial component (evidence for intracran-neurons, one was activated antidromically from the thalamus

FIG. 7. Extracranial thermal hypersen-
sitivity. Changes in thermal sensitivity were
determined by comparing the thresholds
(A) and the response magnitudes (B) be-
fore and after the application of chemical
stimuli to the dura. A : plots of 20 neurons
in which thermal thresholds to heating (s)
and cooling (●) the skin were determined
before and after the application of the IS or
the PB to the dura. Numbers above circles
indicate the means { SE heat threshold for
the entire population (n Å 11), and num-
bers below circles indicate the means { SE
cold threshold for the entire population
(n Å 9). Notice that 9/11 neurons became
more sensitive to heat stimulation and 7/
9 neurons became more sensitive to cold
stimulation. B : plots of the mean numbers
of spikes induced in 1 neuron by thermal
stimulation of the skin before and after the
application of chemicals to the dura. Note
that these short thermal stimuli did not sen-
sitize the cutaneous receptive field.
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FIG. 8. Intracranial (dural) and extra-
cranial (skin) receptive fields of the 23 neu-
rons that were sensitized after the chemical
irritation of the dura. On the skin, black
areas indicate most sensitive regions of the
receptive fields (defined as the site from
which highest frequency responses were
produced by mechanical stimuli) and dark
gray areas indicate less-sensitive regions.
On the dura, black areas depict the size of
the mechanical receptive field before the
application of chemical stimulation to the
dura. Light gray areas on the skin and the
dura show the expanded area of the re-
ceptive fields after the chemical stimula-
tion. Neuronal classification and locations
of recording sites are indicated below each
case. Note that all 3 classes of neurons
(WDR, HT, and LT) exhibited expanded
dural receptive fields, but only WDR neu-
rons in lamina V exhibited expanded cuta-
neous receptive fields. C1, first cervical seg-
ment.

ial components are strongest for migraine and possibly also thought to be released in the vicinity of the dural sinuses by
increased plasma extravasation, and mast cell degranulationcluster headache) doesn’t necessarily require the presence

of an extracranial pathology and instead could result from induced by neurogenic inflammation (Handwerker and Reeh
1991; Hanesch et al. 1992; Moskowitz and Macfarlanecentral sensitization. Because the hypersensitivity to cuta-

neous stimulation remained after blocking the input from 1993); 2) can activate and sensitize somatic and visceral
nociceptive primary afferent neurons (Beck and Handwerkerthe dura by local anesthetics, these findings further suggest

that the sensitization of the central neurons is not a mere 1974; Davis et al. 1993; Handwerker and Reeh 1992;
Hanesch et al. 1992; Khan et al. 1992; Lang et al. 1990;reflection of increased afferent input from the dura but that

central mechanisms may participate in the sensitization pro- Mizumura et al. 1987; Neugebauer et al. 1989; Steen et al.
1992); 3) are potent algesics in humans (Armstrong et al.cess.
1957; Fock and Mense 1976; Guzman et al. 1962; HollanderThe main assumption of this study is that the changes that
et al. 1957; Sicuteri 1967); and 4) when applied together,occurred in the central trigeminal neurons were mediated by
they enhance each other’s effects on the nociceptors (Fockthe activation and sensitization of the meningeal primary
and Mense 1976; Kessler et al. 1989; Lang et al. 1990).afferent fibers by the IS and low-pH PB. The rationale for
The rationale for using acid pH is that the low pH (5.4) thatusing bradykinin, histamine, serotonin, and prostaglandin-
is found in inflamed and ischemic tissue (reviewed in SteenE2 was that these agents: 1) are found endogenously, are

believed to be released locally during inflammation, and are et al. 1995) can activate and sensitize C-polymodal and C–
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FIG. 9. Lidocaine effects. A : recording
site. B : intracranial receptive field. C : ex-
tracranial receptive field. D and E : re-
sponses to mechanical stimulation of the
dura and the skin. F : responses to chemical
stimulation of the dura with low-pH PB. G
and H : responses to mechanical stimulation
of the dura and the skin 20 min after the
irritation of the dura. I : responses to local
anesthetics (5% lidocaine) applied to the
dura. J and K : responses to mechanical
stimulation of the dura and the skin 1 h
after the dura was anesthetized. Black area
in C indicates most sensitive region of the
receptive field and gray area indicates less-
sensitive regions. Numbers above lines (D,
G, and H) indicate forces of mechanical
stimuli. Numbers in parentheses below
lines indicate the mean number of spikes/s.
Note that in spite of blocking the dural in-
puts, the spontaneous activity rate and the
hypersensitivity to brushing the skin re-
mained elevated.

high-threshold mechanosensitive nociceptors (Steen et al. could have occurred as a result of the repetitive stimulation
of the receptive fields. To test this possibility, brief innocu-1992, 1995), and, furthermore, can have synergistic effects

on the action of some of the agents included in the IS (Steen ous and noxious stimulation were applied repeatedly to the
dura and the skin during several hours. As shown in Fig. 2,et al. 1995).
when chemical irritants were not applied to the dura, re-Theoretically, there are several alternative ways by which
sponse properties and spontaneous activity rates of the neu-changes in the response properties of the central trigeminal

neurons could have been induced. 1) To identify the neurons, rons remained stable in spite of the repeated stimulation.
Moreover, in eight of nine experiments in which thermalelectrical search stimuli were delivered to the dorsal surface

of the dura at a rate of 1 Hz. This rate is usually sufficient stimulation was not used at all, the neurons showed changes
after chemical irritation of the dura that were similar to theto cause wind-up in sensory spinal cord dorsal horn neurons

(Cook et al. 1987). To minimize the risk of causing wind- changes recorded in the neurons that were exposed to the
thermal stimulation. 3) Because in many cases, cutaneousup in the recorded neurons, search stimuli were delivered

for a short period and stopped every few minutes. After a receptive fields were in proximity to the surgical exposure of
the dura and because trigeminal neurons receive convergentneuron was found to respond to the electrical stimulation,

the stimulation was turned off and spontaneous activity was input from regions proximal to the surgical exposure of the
brain stem, it is possible that some degree of sensitizationrecorded in the absence of stimulation. In most cases, the

spontaneous activity decreased during the following 5–10 was induced by the surgery. In fact, in several cases, neurons
seemed sensitized at the beginning of the recording session,min and then stabilized. 2) Because neurons were stimulated

repeatedly during several hours, changes in neuronal activity as their baseline response profile and spontaneous activity
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rate resembled that of neurons that had been exposed to the
chemical irritation of the dura. These neurons were not stud-
ied further because any additional sensitization seemed to
be masked. In the 23 cases presented in the study, changes
induced by the surgery did not mask the ability to detect
further changes after the application of IS or PB to the dura.

Because topical application of inflammatory agents to the
dura could activate and sensitize Ad and C fibers that inner-
vate the dura (Strassman et al. 1996), it is likely that the
development of hypersensitivity in the central trigeminal
neurons was initiated by the incoming impulses. Alterations
in the response properties of central trigeminal neurons by
application of the inflammatory agents to the dura include
increased responsiveness to innocuous mechanical stimula-
tion of the skin, hypersensitivity to hot and cold cutaneous
stimulation, and expanded cutaneous receptive fields. Be-
cause the primary afferent fibers that innervate the cutaneous
receptive fields presumably are not affected by the local
application of the IS to the dura, it is likely that this cuta-
neous hypersensitivity is mediated by the altered state of
the central neurons (Neugebauer and Schaible 1988, 1990;
Schaible et al. 1987; Simone et al. 1991). As the altered
state of the central neurons can outlast the altered state of
the peripheral neurons by several hours, the question remains
whether the maintenance of these changes is completely or
partially dependent on the incoming signals from the dural
primary afferents. In cases in which the dural primary affer-
ent fibers were anesthetized (as evidenced by the inability
to induce neuronal responses to mechanical or electrical
stimulation of the dura) , elevation in spontaneous activity
decreased by only 14–50% and cutaneous hypersensitivity
to mechanical stimuli remained elevated. Although the par-
tial decrease of spontaneous activity suggests that at least
part of the ongoing activity in the central neurons is depen-
dent on the ongoing peripheral input from the dura, the
inability of the anesthesia to bring the neuron back to its
initial rate of activity or to reduce the cutaneous hypersensi-
tivity suggests that some aspects of the central changes are
independent of the afferent inputs from the sensitized noci-
ceptors (Hu et al. 1992; Thompson et al. 1990; Murase and
Randic 1984; Woolf 1987). In agreement with this, Cook
et al. (1987) and Woolf (1983) showed that even a brief
input from primary afferents (especially unmyelinated) can
alter the response properties of dorsal horn neurons for an
extended period of time by shifting their membrane potential
toward a more depolarized state.

Because evidence is now present for sensitization of both
the peripheral and the central neurons in the development of
sensitization in the trigeminovascular pathway, it is possible
that both contribute to the common experience of exaggerated
intracranial hypersensitivity during headache (Blau and Dexter
1981) as well as the throbbing nature of the pain. Because the
smallest force capable of inducing activity in the altered central

FIG. 10. Summary of the locations of lesions marking the recording
sites of 34 dura-sensitive neurons in the upper cervical dorsal horn and in
nucleus caudalis. Black dots, 22/23 neurons that were sensitized (1 lesion
was not recovered); stars, 4 neurons that were not studied further because
of the initially high level of ongoing activity; and gray dot, 8 neurons that
responded to electrical stimulation of the dura only. Although it was not
always possible to assign the lesions to a particular lamina, they were found
mostly in the area that receives the heaviest projections from the ophthalmic
branch of the trigeminal nerve.
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FIG. 11. Photomicrographs illustrating
lesions (m) of low-threshold points for anti-
dromic activation (A–F) of 5 neurons and
recording sites (G and H) of 2 neurons. A :
lateral hypothalamus. B : thalamic ventro-
posterior medial (VPM) nucleus. C : thala-
mic parafascicular (PF) nucleus. D : zona in-
certa. E : internal capsule. F : midbrain central
tegmental field. G : recording site in lateral
lamina V at the level of caudal nucleus cau-
dalis. H : recording site in superficial layers
of Vc (laminae I–II) at the level of Vc/tri-
geminal nucleus interpolaris (Vi) transition
zone. In G, lines mark the approximate bor-
ders of lamina V and the ventrolateral border
of laminae I–II, round hole marks the re-
cording site ( lesion in this case is larger and
not stained with blue because recording was
made with tungsten electrode). Lines in H
mark the border between Vi and Vc. Al-
though laminar borders in Vc become less
apparent at this level, dark-field view of this
lesion revealed its location in laminae I–II
( this lesion is Ç125 mm from the lateral end
of lamina I) . CP, cerebral peduncle; ctf, cen-
tral tegmental field; IC, internal capsule;
HYP, hypothalamus; OT, optic tract; PAG,
periaqueductal gray; PO, posterior thalamic
nucleus; VL, ventrolateral thalamic nucleus;
ZI, zona incerta. Scale bar Å 1,000 mm for
A–D, and F; 630 mm for E; 700 mm for G;
and 570 mm for H.

neurons (0.08 g) did not produce a visible indentation of the intracranial space is closed, any mechanical change is propa-
gated throughout this space, and, consequently, the arterialsinus, it is not unreasonable to speculate that under conditions

of extreme hypersensitivity, regular heart rate pulsation that pressure pulse can be seen in any recording of intracranial
pressure (Daley et al. 1995). These hypotheses, however,momentarily changes the pressure on the dura can be sufficient

to activate the sensitized dura-responsive peripheral nocicep- could not be tested in the current study because of the craniot-
omy. When a craniotomy is performed, the brain cannot presstors and consequently the central neurons. Theoretically, the

pressure on the dura during normal pulsation can be induced the dura against the bone.
Unlike the intracranial hypersensitivity, sensitization ofby small brain movements that press the dura against the bone

or by the small changes in intracranial pressure. Because the central neurons could contribute to the symptoms of extra-
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cranial hypersensitivity that accompany some headaches. and Klotzenburg 1990a,b) , and by the sensitization of the
central cells (Cook et al. 1987; Grubb et al. 1993; HoheiselBecause the mechanical hypersensitivity of WDR neurons

was limited to brush and pressure but not to more intense and Mense 1989; Hylden et al. 1989; Laird and Cervero
1989; McMahon and Wall 1984; Schaible et al. 1987). Themechanical stimulation of the skin and because the responses

to brush often exceeded the responses to the noxious stimuli, slower expansion of the cutaneous receptive fields (during
2–4 h) could be mediated by the sensitized central neuronsit is possible that the WDR neurons play a role in the devel-

opment of allodynia. Because the mechanical hypersensitiv- as well as by alterations in supraspinal modulatory pathways
induced by the afferent barrage (Ren and Dubner 1996).ity of HT neurons included brush, pressure, and pinch (in-

nocuous and noxious stimulation), it is possible that the HT Although all three classes of neurons (WDR, HT, and LT)
exhibited expanded dural receptive fields, only WDR neu-neurons play a role in both allodynic and hyperalgesic

changes in cutaneous mechanical sensitivity during head- rons exhibited expanded cutaneous receptive fields. Al-
though the sensitization of three of five HT neurons lastedache. In fact, patients suffering certain headaches often re-

port that touching their hair (unpublished observations) or for ú3 h, their cutaneous receptive fields didn’t seem to
expand. It is possible, however, that more time is requiredapplying innocuous pressure to periocular regions is painful

during the attack (Drummond 1987; Langemark and Olesen for receptive field expansion of HT neurons (Hylden et al.
1989). Nevertheless, because in other models of injury-in-1987; Langemark et al. 1989). Regarding the hypersensitiv-

ity to heat and cold, such changes in sensation are supported duced plasticity the receptive fields of HT neurons expanded
(Hu et al. 1992; Hylden et al. 1989; Neugebauer and Schai-by a recent study (Langemark et al. 1989) reporting that hot

pain thresholds were significantly lower (control subjects: ble 1990; Woolf and King 1990), it is also possible that the
chemical irritation used in this study was too brief to expand457C, headache patients: 417C) and cold pain thresholds

significantly higher (control subjects: 157C, headache pa- the receptive fields of the more change-resistant HT neurons
(Laird and Cervero 1989).tients: 227C) in the temporal region of patients reporting

high levels of headache on the examination day. Consistent Based on the findings that most dura-sensitive neurons
with the notion that cold stimulation of extracranial struc- are located in the ventrolateral area of Vc and that their
tures can worsen the pain, it is known that some headache cutaneous receptive fields normally include the periorbital
patients avoid cold food such as ice cream as it induces region (Davis and Dostrovsky 1986, 1988a,b; Lambert et
pain in the site usually affected by their regular headache al. 1992; Strassman et al. 1986), it was proposed that these
(Drummond and Lance 1984; Raskin and Knittle 1976). dura-sensitive neurons play a role in mediating the referred
The present study suggests that sensitization of central neu- pain of headache (Olesen et al. 1993). The present study,
rons could contributed to the thermal hypersensitivity. Simi- however, describes some dura-sensitive neurons with maxil-
lar conclusions regarding the role of central neurons in hot lary and mandibular receptive fields and some dura-sensitive
and cold hyperalgesia were expressed previously by Frush- neurons that expand their cutaneous receptive fields to these
torfer and Lindblum (1984), LaMotte et al. (1991), Ochoa areas after chemical irritation of the dura. The presence of

such neurons may explain the altered sensitivity in maxillary(1992), and Meyer et al. (1994).
and mandibular regions during dural stimulation in awakeGiven the evidence for the altered state of the central
patients (Wirth and Van Buren 1971) as well as duringneurons and the increased sensitivity to dural and cutaneous
headache attacks (Anthony and Rasmussen 1993; Manzonistimuli, it was not surprising to find that both dural and
et al. 1981).cutaneous receptive fields expanded. It seems that different

mechanisms enabled these changes. The rapid expansion of In most cases, recording sites of dura-sensitive neurons
were found within the ventrolateral region of caudal Vc. Thethe dural receptive field (within 30 min) could be mediated

by the sensitized peripheral afferents (Strassman et al. current notion is that as the homologue of the spinal dorsal
horn, Vc processes most nociceptive information that arises1996), by the recruitment of silent nociceptors (McMahon

FIG. 12. Projection sites of dura-sensitive neurons. A : an example of the axonal mapping of a sensitized dura-sensitive
neuron. B : locations of 29 points in the diencephalon and midbrain indicating lowest-threshold points for antidromic activation
of the axons of 14 dura-sensitive neurons. A1 : line drawings illustrating the locations of penetrations that were made with
a stimulating electrode at 3 anterior-posterior levels contralateral to the recording site. Drawing on top shows the 3 tracks
of the stimulating electrode in the hypothalamus (0.5 mm posterior to bregma), and the locations of the 39 points from
which antidromic threshold was determined. Drawing in the middle shows the 7 tracks in the thalamus (3.5 mm posterior
to Bregma) and the locations of the 85 points from which antidromic threshold was determined. Drawing on bottom shows
the 6 tracks in the midbrain (7.0 mm posterior to bregma) and the locations of the 82 points from which antidromic threshold
was determined. Minimum current (mA) required to activate the neuron from each point within each penetration is indicated
by the numbers along the tracks. Low-threshold points are marked by letters and circled in black. A2 : oscillographic traces
illustrating the antidromic action potentials that were elicited from each low-threshold point. Numbers in parentheses indicate
the latencies for antidromic activation from each point. Parent axon of this neuron was activated antidromically from the
hypothalamus (point A, 15 mA, 2.0 ms), zona incerta (point B, 12 mA, 1.4 ms), and midbrain (point H, 4 mA, 1.0 ms). At
the level of the caudal diencephalon, a collateral branch was found in the thalamus (points D and E) . Latencies for the
antidromically induced spikes became progressively longer as the electrode moved from lateral to medial. A3 : recording site
in the ventrolateral area of Vc. A4 : receptive fields and responses to mechanical stimulation of the dura and the skin. A,
amygdala; AH, anterior hypothalamus; Aq, cerebral aqueduct; CG, central gray; CP, cerebral peduncle; DPME, deep mesence-
phalic nuclei; F, fornix; fr, fasciculus retroflexus; MGN, medial geniculate nucleus; ml, medial lemniscus; MTT, mammilotha-
lamic tract; NTS, nucleus of the solitary tract; PC, posterior commisure; PH, posterior hypothalamus; PVN, paraventricular
hypothalamic nucleus; Px, pyramidal decussation; Snc, substantia nigra pars compacta; Snr, substantia nigra pars reticulata;
SOD, supraoptic decussation; stn, subthalamic nucleus; 4n, trochlear nucleus (for other abbreviations, see previous Fig.
legends) .
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various types of cutaneous nerve fibers. Pflügers Arch. 347: 209–222,lation site used in this study is innervated mainly by the 1974.
tentorial nerve, a branch of the ophthalmic nerve (Andres BLAU, J. N. AND DEXTER, S. L. The site of pain origin during migraine
et al. 1987; Penfield and McNaughton 1940). Therefore it attack. Cephalalgia 1: 143–147, 1981.

BURSTEIN, R., DADO, R. J., CLIFFER, K. D., AND GIESLER, G. J., JR. Physio-was not surprising to find most recording sites in the ventro-
logical characterization of spinohypothalamic tract neurons in the lumbarlateral region. In some cases, however, recording sites were
enlargement of rats. J. Neurophysiol. 66: 261–284, 1991.found in more medial and dorsal regions of caudal Vc. Con- CHAPMAN, L. F., RAMOS, A. O., GOODEL, H., SILVERMAN, G., AND WOLFF,

sistent with these recording sites are the locations of some H. G. A humoral agent implicated in vascular headache of the migraine
type. Arch. Neurol. 3: 223–229, 1960.receptive fields on skin areas innervated by the maxillary

COOK, A. J., WOOLF, C. J., WALL, P. D., AND MCMAHON, S. B. Dynamicand mandibular nerves (Davis and Dostrovsky 1988a; Hu
receptive field plasticity in rat spinal dorsal horn following C-primaryet al. 1981; Jacquin et al. 1989; Lucier and Egizii 1989;
afferent input. Nature 325: 151–153, 1987.

Mosso and Kruger 1973; Nagano et al. 1975; Renehan et DADO, R. J., KATTER, J. T., AND GIESLER, G. J., JR. Spinothalamic and
al. 1986; Tabata and Karita 1991; Yokota 1975; Yokota spinohypothalamic tract neurons in the cervical enlargement of rats. I.

Locations of antidromically identified axons in the thalamus and hypo-and Nishikawa 1980) and the findings that dural stimulation
thalamus. J. Neurophysiol. 71: 959–980, 1994a.induces c-fos in neurons located throughout most of the

DADO, R. J., KATTER, J. T., AND GIESLER, G. J., JR. Spinothalamic andmediolateral extent of Vc. Although five neurons were re- spinohypothalamic tract neurons in the cervical enlargement of rats. II.
corded in the rostral Vc, only one was located in the Vc/Vi Responses to innocuous and noxious mechanical and thermal stimuli. J.

Neurophysiol. 71: 981–1002, 1994b.transition zone, another area activated by dural stimulation
DALEY, M. L., PASUPATHY, H., GRIFFITH, M., ROBERTSON, J. T., AND LEF-(Strassman et al. 1994). It is therefore beyond the scope of

FLER, C. W. Detection of loss of cerebral vascular tone by correlation ofthis study to comment on the role of more rostrally located
arterial and intracranial pressure signals. IEEE Trans. Biomed. Eng. 42:

neurons in the processing of intracranial information. 420–424, 1995.
Finally, intracranial and extracranial exaggerated hyper- DAVIS, K. D. AND DOSTROVSKY, J. O. Activation of trigeminal brain-stem

nociceptive neurons by dural artery stimulation. Pain 25: 395–401, 1986.sensitivities are not the only symptoms associated with head-
DAVIS, K. D. AND DOSTROVSKY, J. O. Responses of feline trigeminal spinalache. Other symptoms include depression, intolerance, ex-

tract nucleus neurons to stimulation of the middle meningeal artery andcitement, anxiety, apathy, irritability, sweating, hunger,
sagittal sinus. J. Neurophysiol. 59: 648–666, 1988a.

thirst, increase in body temperature, and interrupted biologi- DAVIS, K. D. AND DOSTROVSKY, J. O. Cerebrovascular application of brady-
cal cycles such as menstrual, sleep-wake and melatonin se- kinin excites central sensory neurons. Brain Res. 446: 401–406, 1988b.

DAVIS, K. D., MEYER, R. A., AND CAMPBELL, J. N. Chemosensitivity andcretion (reviewed in Olesen et al. 1993). Both the sensory
sensitization of nociceptive afferents that innervate the hairy skin ofand the integrated behavioral symptoms of headache suggest
monkey. J. Neurophysiol. 69: 1071–1081, 1993.that the altered sensory information that originates intra- and

DRUMMOND, P. D. Scalp tenderness and sensitivity to pain in migraine and
extracranially reaches brain areas involved in the processing tension headache. Headache 27: 45–50, 1987.
of sensory, affective, endocrine, and autonomic functions. DRUMMOND, P. D. AND LANCE, J. W. Facial temperature in migraine, ten-

sion-vascular and tension headache. Cephalagia 4: 149–158, 1984.This study shows that sensitized dura-sensitive neurons in
FIELDS, H. L., MALICK, A., AND BURSTEIN, R. Dorsal horn projection targetsVc project directly to the thalamus and hypothalamus and

of ON and OFF cells in the rostral ventromedial medulla. J. Neurophysiol.suggests that these neurons might mediate (at least in part)
74: 1742–1759, 1995.

the altered somatic and visceral sensation and the changes FJALLBRANT, N. AND IGGO, A. The effect of histamine, 5-hydroxytriptamine
in integrated behavior. and acetylcholine on cutaneous afferent fibers. J. Physiol. (Lond.) 156:

578–590, 1961.In this study, we have identified a group of neurons in the
FOCK, S. AND MENSE, S. Excitatory effects of 5-hydroxytriptamine, hista-trigeminal nucleus caudalis that respond to dural stimulation,

mine and potassium ions on muscular group IV afferent units: a compari-exhibit sensory plasticity that can be correlated with common son with bradykinin. Brain Res. 105: 459–469, 1976.
headache symptoms, and project to sensory and limbic brain FRUHSTORFER, H. AND LINDBLUM, U. Sensibility abnormalities in neuralgic
areas. Because these neurons may contribute to the symp- patients studied by thermal and tactile pulse stimulation. In: Wenner-Gren

International Symposium Series. Somatosensory Mechanisms , edited bytoms of headache, efforts to relieve headache should take
C. Von Euler, O. Franzen, U. Lindblum, and D. Ottoson. London: Mac-into consideration the need to block these centrally located
millan, 1984, p. 353–361.neurons. GOADSBY, P. J. AND EDVINSSON, L. The trigeminovascular system and mi-
graine: studies characterizing cerebrovascular and neuropeptide changesWe thank Y. Zhou for technical assistance, B. Trickett for help with
seen in humans and cats. Ann. Neurol. 33: 48–56, 1993.illustrations, and J. J. Fink for editorial comments.

GRACELY, R. H., LYNCH, S. A., AND BENNETT, G. J. Painful neuropathy:This work was supported by National Institutes of Health Grants DE-
altered central processing maintained dynamically by peripheral input.10904 and NS-35611-01 and by gifts from the Boston Foundation and the
Pain 51: 175–194, 1992.Goldfarb and Fink families.

GRAHAM, J. R. AND WOLFF, H. G. Mechanism of migraine headache andAddress for reprint requests: R. Burstein, Dept. of Neurobiology, Harvard
action of tartrate. Arch. Neurol. Psychiatry 38: 737–763, 1938.Institutes of Medicine, 77 Ave. Louis Pasteur, Boston, MA 02115.

GRUBB, B. D., STILLER, R. U., AND SCHAIBLE, H. G. Dynamic changes in
Received 3 June 1997; accepted in final form 8 October 1997. the receptive field properties of spinal cord neurons with ankle input in

rats with chronic unilateral inflammation in the ankle region. Exp. Brain
REFERENCES Res. 92: 441–452, 1993.

GUZMAN, F., BRAUN, C., AND LIM, R.K.S. Visceral pain and the pseudoaf-ANDRES, K. H., VON DURING, M., MUSZYNSKI, K., AND SCHMIDT, R. F.
fective response to intra-arterial injection of bradykinin and other algesicNerve fibres and their terminals of the dura mater encephali of the rat.

Anat. Embryol. 175: 289–301, 1987. agents. Arch. Int. Pharmacodyn. Ther. 136: 353–384, 1962.

J456-7/ 9k25$$fe13 01-19-98 10:21:49 neupal LP-Neurophys

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (041.013.243.190) on July 19, 2018.
Copyright © 1998 American Physiological Society. All rights reserved.



SENSITIZATION OF VC NEURONS BY DURAL STIMULATION 981

HANDWERKER, H. O. AND REEH, P. W. Pain and inflammation. In: Proceed- human synovial fluid from inflammed knee joints. Neurosci. Lett. 100:
326–330, 1989.ings of the VIth World Congress on Pain , edited by M. R. Bond, J. E.

LAURITZEN, M. Pathophysiology of migraine aura—the spreading depres-Charlton, and C. J. Woolf. Amsterdam: Elsevier, 1991, p. 59–70.
sion theory. Brain 117: 199–210, 1994.HANESCH, U., HEPPELMANN, B., MESSLINGER, K., AND SCHMIDT, R. F. Noci-

LUCIER, G. E. AND EGIZII, R. Characterization of cat nasal afferents andception in normal and arthritic joints: structural and functional aspects.
brain stem neurons receiving ethmoidal input. Exp. Neurol. 103: 83–89,In: Hyperalgesia and Allodynia , edited by W. D. Willis. Raven Press:
1989.New York, 1992, p. 81–106.

MANZONI, G. C., TERZANO, M. G., BONO, G., MICIELI, G., MARTUCCI, N.,HEYER, G., HORNSTEIN, O. P., AND HANDWERKER, H. O. Skin reaction and
AND NAPPI, G. Cluster headache: clinical findings in 180 patients. Cepha-itch sensations induced by epicutaneous histamine application in atopic
lalgia 3: 21–30, 1981.dermatitis and controls. J. Invest. Dermatol. 93: 492–496, 1989.

MARFURT, C. F. The central projections of trigeminal primary afferent neu-HOHEISEL, U. AND MENSE, S. Long term changes in discharge behavior of
rons in the cat as determined by the transganglionic transport of horserad-cat dorsal horn neurons following noxious stimulation of deep tissues.
ish peroxidase. J. Comp. Neurol. 203: 785–798, 1981.Pain 36: 239–247, 1989.

MCMAHON, S. B. AND KLOTZENBURG, M. Novel classes of nociceptorsHOLLANDER, W., MICHAELSON, A. L., AND WILKINS, R. W. Serotonin and
beyond Sherrington. Trends Neurosci. 13: 199–201, 1990a.antiserotonins. I. Their circulatory respiratory and renal effects in man.

MCMAHON, S. B. AND KLOTZENBURG, M. The changing role of primaryCirculation 16: 246–255, 1957.
afferent neurons in pain. Pain 43: 269–272, 1990b.HOSKIN, K. L., KAUBE, H., AND GOADSBY, P. J. Central activation of the

MCMAHON, S. B. AND WALL, P. D. Receptive fields of rat lamina I projec-trigeminovascular pathway in the cat is inhibited by dihydroergotamine.
tion cells move to incorporate a nearby region of injury. Pain 19: 235–A c-fos and electrophysiological study. Brain 119: 249–256, 1996.
247, 1984.HU, J. W., DOSTROVSKY, J. O., AND SESSLE, B. J. Functional properties of

MEYER, R. A., CAMPBELL, J. N., AND RAJA, S. N. Peripheral neural mecha-neurons in subnucleus caudalis of the cat. I. Responses to oral-facial
nisms of nociception. In: Textbook of Pain , edited by P. D. Wall and R.noxious and non-noxious stimuli and projections to thalamus and sub-
Melzack. Edinburgh: Churchill Livingstone, 1994, p. 13–44.nucleus oralis. J. Neurophysiol. 45: 173–192, 1981.

MIZUMURA, K., SATO, J., AND KUMAZAWA, T. Effects of prostaglandins andHU, J. W., SESSLE, B. J., RABOISSON, P., DALLEL, R., AND WODA, A. Stimu-
other putative chemical intermediaries on the activity of canine testicularlation of craniofacial muscle afferents induces prolonged facilitatory ef-
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