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Neocortical Spreading Depression Provokes the Expression of C-fos 
Protein-like lmmunoreactivity within Trigeminal Nucleus Caudalis via 
Trigeminovascular Mechanisms 
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The effects of neocortical spreading depression (SD) on the 
expression of immunoreactive c-fos protein were examined 
within the superficial laminae of trigeminal nucleus caudalis 
(TNC), a brainstem region processing nociceptive informa- 
tion. KCI was microinjected into the left parietal cortex at 9 
min intervals over 1 hr, and SD was detected by a shift in 
interstitial DC potential within adjacent frontal cortex. The 
stained cells in lower brainstem and upper cervical spinal 
cord were counted on both sides after tissues were sec- 
tioned (50 wrn) and processed for c-fos protein-like immu- 
noreactivity (LI) using a rabbit polyclonal antiserum. C-fos 
protein-L1 was visualized in the ventrolateral TNC, chiefly in 
laminae I and Ilo and predominantly within spinal segment 
C,., (e.g., - 1.5 to -4.5 mm from obex) ipsilaterally. SD sig- 
nificantly increased cell staining within ipsilateral TNC. The 
ratio of cells in laminae I and Ilo on the left : right sides was 
1.32 ? 0.13 after 1 M KCI, as compared to 1.06 f 0.05 in 
control animals receiving 1 M NaCl instead of KCI microin- 
jections (p < 0.01). The ratio was reduced to an insignificant 
difference after chronic surgical transection of meningeal 
afferents and recurrent SD (1.09 f 0.11). Pretreatment with 
intravenous sumatriptan, a 5-HT,-like receptor agonist that 
selectively blocks meningeal C-fibers and attenuates c-fos 
protein-L1 within TNC after noxious meningeal stimulation, 
also reduced the ratio to an insignificant difference (1.10 & 
0.09). Sumatriptan or chronic surgical transection of men- 
ingeal afferents, however, did not reduce the ability of KCI 
microinjections to induce SD. On the other hand, combined 
hyperoxia and hypercapnia not only reduced the number of 
evoked SDS from 6.3 * 1 .O to 2.5 1- 1.2 after 0.15 M KCI 
microinjection, but also significantly (p < 0.01) reduced as- 
sociated c-fos protein-L1 in TNC. 

These data indicate that multiple neocortical SDS activate 
cells within TNC. The increase in c-fos protein-Ll, observed 
predominantly ipsilaterally, was probably mediated by SD- 
induced stimulation of ipsilaterally projecting unmyelinated 
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C-fibers innervating the meninges. If true, this is the first 
report demonstrating that neurophysiological events within 
cerebral cortex can activate brainstem regions involved in 
the processing of nociceptive information via trigeminovas- 
cular mechanisms. 

[Key words: c-fos immunoreactivity, spreading depression 
(SD), trigeminovascular mechanisms, trigeminal nucleus 
caudalis (TNC), sumatriptan, migraine, meninges] 

Spreading depression (SD) is a propagating phenomenon as- 
sociated with a transient loss of membrane potential and elec- 
trophysiological activity in brain cells including neocortex (for 
review, see Bures et al., 1974). SD develops within cerebral 
cortex of animals and possibly humans (Avoli et al., 1991) in 
response to noxious stimuli. Single episodes are associated with 
dramatic changes in interstitial [K+], [H+], [Na’], [Ca*+], [Cll] 
(Nicholson and Kraig, 198 l), and [HCO,-] (Kraig and Cooper, 
1987), as well as in levels of glutamate, lactate (Krivanek, 196 1; 
Mutch and Hansen, 1984), and arachidonic acid and metabo- 
lites such as the prostaglandins (Lauritzen et al., 1990). In oth- 
erwise normal brain, ionic concentrations return to baseline by 
3-4 min whereas elevated lactate and arachidonate levels persist 
for up to 10 min. The consequences of repeated SDS appear to 
be more long lasting but have been less well studied. In one 
report, repeated SDS caused reactive astrocytosis as evidenced 
by dramatic glial fibrillary acidic protein staining and hypertro- 
phy that persisted for several weeks (Kraig et al., 199 1). How- 
ever, recurrent SDS were not sufficient to cause irreversible neu- 
ronal injury, at least as assessed by hematoxylin and eosin staining 
(Nedergaard and Hansen, 1987; Kraig et al., 1991). 

The trigeminovascular system innervates blood vessels within 
pia mater and arachnoid surrounding neocortex (Mayberg et al., 
198 1, 1984; Liu-Chen et al., 1983a; Suzuki et al., 1989). Axons, 
predominantly unmyelinated (Liu-Chen et al., 1986), are neu- 
ropeptide-containing (Liu-Chen et al., 1983b, 1984; Moskowitz 
et al., 1983; Norregaard and Moskowitz, 1985; McCulloch et 
al., 1986; Saito et al., 1987a,b) and originate from the ipsilateral 
ophthalmic trigeminal division (Mayberg et al., 1984). Trigemi- 
novascular fibers exhibit two important functions. They increase 
cortical blood flow by local axon reflex-like mechanisms me- 
diated by the perivascular release of vasoactive neuropeptides 
(Sakas et al., 1989; Macfarlane et al., 199 1). Trigeminovascular 
fibers also detect and transmit nociceptive information. Hence, 
noxious chemicals placed into the subarachnoid space (e.g., blood, 
carrageenan) activate cells within the superficial laminae I and 
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Table 1. Physiological parameters 

PaCO, PaO, BP Glucose Hct 
Group 

Temp 
PH m-e m-d (mm W Cm@ cw m 

NaCl 1 M 7.23 62 106 101 6.4 42 37.0 
(n = 6) 20.02 &6 +10 k8 kO.9 a2 +0.4 

KC1 1 M 7.26 58 109 101 6.8 43 37.2 
(n = 7) +0.02 *2 k8 k9 kO.7 f4 kO.3 

KC1 1 M/Sums 7.23 63 93 109 6.1 42 37.5 
(n = 5) kO.02 *5 +3 &4 +0.2 +1 +0.6 

KC1 1 M/SX 7.26 59 107 103 5.1 45 37.3 
(n = 5) +0.03 +3 Al5 -+I kO.2 +2 +0.5 

KC1 1 M/co, 7.20 64 104 107 6.7 45 37.3 
(n = 5) +0.03 *5 ?17 *2 +-0.6 +2 +0.4 

KC1 0.15 M 7.23 56 102 113 6.1 48 37.3 
(n = 4) 20.02 *4 *14 ?9 k2.0 fl kO.2 

KC1 0.15 M/co, 7.23 62 100 105 8.0 44 37.3 
(n = 6) kO.04 *4 +12 *4 +2.0 *2 +0.4 

Data are means t SD. Suma, sumatriptan; Sx, chronic sensory denervation; CO,, hyperoxia-hypercapnia; BP, blood 
pressure; Hct, hematocrit; Temp, rectal temperature. 

110 of trigeminal nucleus caudalis (TNC), but much less so after 
meningeal deafferentation (Nozaki et al., 1992a,b). An impor- 
tant goal of the experiments reported herein is to determine 
whether trigeminovascular activation develops after more sub- 
tle forms of stimulation (e.g., in response to neurophysiological 
events such as SD). 

We tested the possibility that SD could activate the ipsilateral 
trigeminovascular system. Accordingly, SDS were evoked in the 
cerebral cortex of the laboratory rat by KC1 microinjections. 
The number of cells expressing c-fis protein-like immunoreac- 
tivity (LI) provided a measure of neuronal activation, and this 
was examined within laminae I and 110 of TNC, a region con- 
taining both the synapses of primary afferent fibers concerned 
with transmission of nociceptive information and second and 
higher order neurons that transmit nociceptive information to 
rostra1 centers. Recurrent SDS caused a significant increase in 
c-fos protein-L1 within ipsilateral TNC that was reduced by (1) 
decreasing nociceptive neural transmission through denervation 
of meningeal afferents or sumatriptan pretreatment, or by (2) 
decreasing the number of evoked SDS through exposure to com- 
bined hyperoxia and hypercapnia (hypercarbia). 

Materials and Methods 
Animalpreparation and recording. Wistar, male rats (250-450 gm; Har- 
lan Sprague-Dawley, Indianapolis, IN) were placed in individual cages 
in a 12 hr night/l2 hr day, thermoregulated (22°C) room and were 
allowed free access to water but were fasted 12-16 hr before surgery. 
Animals (n = 77) were anesthetized with halothane (5% for induction, 
3% during surgical procedures, and 1.5-2.5% during physiological re- 
cordings) via a 20% oxygen-balance nitrogen mixture. Animals were 
warmed (37 + O.S’C) during surgical procedures by a heating lamp 
directed at their dorsal surface and controlled via a rectal temperature 
probe. A tail artery was cannulated for sampling blood and monitoring 
arterial blood pressure. The incision site for the arterial catheter was 
coated with 5% lidocaine cream and closed with cloth tapes. 

A left parasagittal skin incision (approximately 1 cm long) was made 
2-3 mm from the midline. The wound edges were spread and the skull 
bone scraped. Two small (l-2 mm diameter) craniotomies were then 
drilled. The first was made 2 mm lateral and 3 mm anterior to bregma. 
The second was made 6 mm posterior and 5 mm lateral. to bregma. 
Both craniotomies were carefully drilled so that the underlying dura 
was not tom. The skull incision was coated with 5% lidocaine cream 
and closed with stainless steel surgical clips. Animals were returned to 

individual cages and maintained at 37 ? 0.5”C via a heat lamp regulated 
by a rectal temperature probe until they were awake. For the next 6-7 
hr, animals were allowed free access to water in individual cages before 
being reanesthetized as described above. 

When anesthetized, surgical clips were quickly removed and 5% li- 
docaine cream reapplied to the wound edges. Animals were then placed 
on a thermoregulated bed within a stereotaxic frame and maintained 
at 37 + 0.5”C. The animal’s nose was held in place by a standard 
stereotaxic rodent nose bar clamp that was gently secured around the 
animal’s nose and upper incisors. To minimize nociceptive stimulation, 
stereotaxic ear bars were not used. The skull area was warmed by Rin: 
ger’s superfusion fluid (35-37°C) that contained (in rnM) Na+. 143.5: 
k+, 3.0: Ca*+, 1.5; Mgi+, 1.5; Cll, 115; HCO,-, 26.4; ghiconate, 9.61 
and glucose, 5.0, which, when aerated with 95% oxygen and 5% carbon 
dioxide, gave a pH of 7.3-7.4 (modified from Bretag, 1969). Arterial 
pH, carbon dioxide tension (PaCO,), and oxygen tension (PaO,) were 
periodically monitored with a Coming 168 blood gas analyzer (Ciba 
Coming Diagnostics Corp., Medfield, MA). Bloodglucose was measured 
with a Glucometer (Miles Laboratories, Naperville, IL). Experiments 
were performed at a level ofanesthesia in which there was no withdrawal 
or blood pressure response to ear or paw pinch. This level of anesthesia, 
achieved using halothane, was associated with mild respiratory acidosis 
(55-75 tot-r), mild reduction in systolic arterial blood pressure, but nor- 
mal blood glucose (Table 1). 

SD was induced by microinjection of KC1 via a fused silica needle 
(#2- 136 1, Supelco, Inc., Bellefonte, PA) that was placed 1000 pm below 
the pial surface of the posterior craniotomy (Kraig et al., 1987). lnjec- 
tions (0.5 rl/min for 1 min) of KC1 (1 M or 0.15 M KCI) were made 
every 9 min for a period of 1 hr (e.g., a total of six injections). Sham 
controls were injected with 1 M NaCl at an analogous rate, duration, 
and frequency. A glass micropipette (filled with 150 mM NaCI; tip di- 
ameter, 24 pm) was positioned 1000 pm below the pial surface through 
the anterior craniotomy to monitor DC neocortical potentials and thus 
confirm that SD had occurred. Microelectrodes were connected to an 
Axoprobe A-l amplifier system (Axon Instruments, Burlingame, CA), 
and DC signals were displayed on a chart recorder. An indifferent elec- 
trode filled with 3% agar and 150 mM NaCl was positioned on the left 
temporalis muscle. 

Seven experimental animal groups were studied. Group I (n = 6) 
received 1 M NaCl injections to the left parietal cortex (1 M NaCl). 
Group II (n = 7) consisted of only 1 M KC1 injections to the left parietal 
cortex (1 M KC]). Group Ill (n = 5) received an intravenous dose of 
sumatriptan [3-(2-diethylamino)ethyl-N-methyl-lH-indole-5-methane 
sulfonamide; Glaxo, Ware, England; 300 &kg] 30 min before the ini- 
tiation of KC1 injections as described for group II above (1 M KCl/ 
sumatriptan). Group IV (n = 5) was subjected to unilateral meningeal 
sensory denervation (left side) by transection of trigeminal afferents at 
the ethmoidal foramen 2 weeks prior to 1 M KC1 microinjection (left 
side) as described previously (Kano et al., 1991) (1 M KCVsensory 
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denervation). These lesions are associated with significant reductions staining within cerebral cortex. Labeled cells were counted in brain 
(40-80%) in the density of calcitonin gene-related peptide-containing 
fibers on the ipsilateral circle of Willis (Suzuki et al., 1989). To suppress 
SD after KC1 microinjection, animals (n = 5) in group V were first 
exposed to hyperoxia (e.g., 100% oxygen) for 1 O-1 5 min before raising 
inhaled carbon dioxide tension so that PaCO, exceeded 100 torr (1 M 

KCl/hyperoxia-hypercapnia). The animals in group V also received KC1 
microinjections as done in group II. 

SD was not suppressed by combined hyperoxia and hypercapnia in 
group V animals as well as it was when 1 M KC1 was administered by 
superfusion (Kraig et al., 199 1). This reduced ability of raised 0, and 
CO, to suppress SD may have occurred because 1 M KC1 by microin- 
jection is a stronger stimulus for SD than is 1 M KC1 by superfusion. If 
true, then combined hyperoxia and hypercapnia may be more effective 
in suppressing SD when KC1 is microinjected at a lower molarity. To 
test this possibility and to clarify further the relative importance of SD 
versus potassium on trigeminal nucleus c-fis staining, two additional 
groups were studied. Animals in each group received microinjections 
of 0.15 M KCI. However, the rate of injection needed to be raised to 
1 .O rl/min to induce SD reliably. Thus, SD in animals of group VI (n 
= 4) and group VII (n = 6) was induced by injection of 0.15 M KC1 at 
1 .O pllmin for 1 min every 9 min for a period of 1 hr. Group VI animals 
were similar to group II in that they received KC1 injections (0.15 M 

KCl). Group VII animals were similar to group V animals in that, in 
addition to KC1 injections, these animals were also treated with com- 
bined hyperoxia and hypercapnia (0.15 M KCl/hyperoxia-hypercapnia). 

Immunohistologicalprocedures. After 1 hr recording periods, animals 
were processed for immunohistological staining of c-fos protein within 
brain. Inhaled halothane was raised to 5%. When systolic blood pressure 
fell below 60 mm Hg, animals were killed by intracardiac perfusion- 
fixation. Perfusate was injected at 110 mm Hg and first consisted of 
150 mM NaCl (300 ml) that was followed by 300 ml of 4% parafor- 
maldehyde in 0.1 M phosphate buffer (pH 7.2). Brains with attached 
upper cervical cords were removed and stored in the same fixative for 
2 hr before being placed in 0.15 M phosphate buffer (pH 7.2) and shipped 
to Boston from Chicago via overnight mail. The specimens were placed 
in 20% sucrose and 30% ethylene glycol in 0.1 M phosphate buffer (pH 
7.2) for 48 hr at 4°C prior to sectioning. They were sectioned coronally 
(50 pm) on a freezing microtome. 

Free-floating sections were processed immunohistochemically by the 
avidin-biotin procedure using commercially available kits (Vectastain 
ABC, Vector Labs, Burlingame, CA) as described previously (Nozaki 
et al., 1992a). Briefly, sections were incubated with 10% normal goat 
serum and O.b3% hydrogen peroxide in 0.1 M phosphate-buffered saline 
(PBS; pH 7.3) for 30 min at room temperature. Subsequently, sections 
were incubated with primary antiserum (1:5000 dilution) in PBS with 
0.3% Triton X-100 (Sigma Labs, St. Louis, MO) overnight at room 
temnerature. Gentle aaitation was used for all incubations unless oth- 
et&se noted. The antiserum was kindly provided by Dr. Dennis Sla- 
mon, of the Department of Hematology and Oncology, University of 
California at Los Angeles. The polyclonal antiserum was prepared in 
rabbits and directed against an in vitro translated product of the c-fos 
gene. Antiserum was preabsorbed against acetone-dried rat liver powder 
overnight to reduce nonspecific background staining. The staining pat- 
tern produced by this antiserum is comparable to a commercially avail- 
able monoclonal antibody raised against a synthetic peptide that consists 
of residue 4- 17 of the c-fos protein (Presley et al., 1990). 

regions in which c-fos protein staining was either dense, asymmetric, 
or different between groups. Hence, positive cells were counted selec- 
tively within TNC, parabrachial nucleus, dorsal raphe nucleus, and 
nucleus of the solitary tract. 

Immunostained cells within TNC (laminae I and 110) were counted 
on both sides. The area postrema and second cervical segment were 
chosen as its rostra1 and caudal extent, respectively. TNC was divided 
into spinal and brainstem segments at the cervicomedullary junction 
(inferior border of pyramidal d cussation, 1.5 mm caudal to obex). 
Approximately 45 sections (13 sections for rostra1 TNC and 32 sections 
for caudal TNC) were examined in each animal. Trigeminal nucleus 
interpolaris and oralis exhibited few positive cells, and cell counts were 
not obtained. The number of positive cells within nucleus of the solitary 
tract was counted 0.3 mm caudal to 0.9 mm rostra1 from obex, wherein 
the majority ofpositive cells were observed; approximately nine sections 
were evaluated in each animal. Cells within parabrachial and dorsal 
raphe nuclei were counted each in a single section, 9.3 mm and 7.8 mm 
caudal to bregma, respectively. A qualitative scale (0, no positive cell; 
+ , sparse positive cells; + + , moderate positive cells; + + + , numerous 
positive cells) was used to evaluate cell staining within neocortex, hip- 
pocampus, thalamus, hypothalamus, periaqueductal gray, inferior olive 
and all other brainstem nuclei. 

By counting and comparingpositive cells on the two sides within each 
nucleus, variabilities usually attributed to staining, cell counting, “stress” 
and related hormones, drugs and anesthetics, and physiological param- 
eters such as PaCO, and PaO, are minimized. 

Statisticalprocedures. The data are expressed as the number of stained 
cells ? standard deviation per section on the two sides. For statistical 
analysis, the cell counts were transformed by the square root to stabilize 
the variance. The difference between the two sides was then computed 
for rostra1 and caudal segments of TNC. A two-way analysis of variance 
was used to test for differences between the experimental groups, cor- 
recting for experiment (the study was done in a sequence of four ex- 
periments). The Ryan-Einot-Gabriel-Walsch multiple F test was used 
to correct for multiple comparisons. p value less than 0.05 was consid- 
ered significant. 

Results 

Spreading depression 
Several pilot experiments (35 animals) were conducted before 
the experimental protocols described above were finalized. Ini- 
tially,SD was induced as previously described by Kraig et al. 
(199 1). Briefly, 1 M KC1 was applied to the exposed parietal 
cortex of one cerebral hemisphere while 1 M NaCl was applied 
to the contralateral side for a period of 30 min, 1 hr, or 2 hr. 
Furthermore, animals were killed by perfusion-fixation as de- 
scribed above immediately after the recording periods. Others 
were allowed to awaken for 24 hr before being reanesthetized 
and killed by perfusion-fixation. In still other experiments, the 
anesthetic was changed from halothane to pentobarbital (given 
as a 50 mg/kg intraperitoneal injection). None of these exper- 
imental paradigms were sufficiently sensitive to detect a change 
in left/right labeling caused by SD. We speculate that the effects 
of SD within TNC were obscured by the trauma associated with 
drilling of craniotomies, opening of the dura, and application 
of KC1 to the skull and dura. Accordingly, the dura was left 
intact in our final preparation. In addition, KC1 was not applied 
to the dura, but instead was microinjected 1000 pm below the 
pial surface via a silica needle that pierced the intact dura. 
Furthermore, animals were allowed to recover for 6-7 hr after 
surgery before being reanesthetized for the induction of recur- 
rent SD. 

Together, these technical innovations allowed us to show that 
recurrent SD significantly increases c-j& protein staining within 
the ipsilateral TNC. Based on our present knowledge of the 
employed antisera, we cannot say with certainty whether the 
observed immunoreactivity represents c-fis protein itself or a 
related antigen(s). 

After washes in PBS (15 min x 3), sections were placed in biotinylated 
anti-rabbit IgG antiserum (1:200 dilution in PBS; Vector Labs, Burlin- 
game, CA) at room temperature for 2 hr. After PBS washes (15 min x 
3), sections were placed in avidin-biotin-peroxidase complex (Vector 
Labs) for 2 hr at room temperature. After PBS washes (15 min x 3), 
sections were placed in a solution of 3,3’-diaminobenzidine tetrahy- 
drochloride (40 mg%; Sigma) and 0.003% hydrogen peroxide in 50 mM 
Tris-HCI buffer (pH 7.6) for 30 min. After the diaminobenzidine re- 
action, sections were mounted on gelatin-coated slides, air dried, and 
coverslipped. 

Forebrains were sectioned coronally between 1 .O mm rostra1 and 5.0 
mm caudal to bregma (seven sections). The brainstem and upper spinal 
cord were sectioned serially (50 pm) from midbrain to the second cer- 
vital segment, and every third section (total 100 sections) was processed 
for immunohistochemistry and examined in each animal. Anatomical 
boundaries were determined by coordinates established by the Paxinos 
and Watson rat brain atlas (Paxinos and Watson, 1986). Tissue sections 
were evaluated using a Zeiss microscope and 25 x objective by an in- 
vestigator unaware of the treatment group or results of the c-fos protein 
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Table 2. Number of spreading depressions and c-fos expression evoked in the cortex by microinjection 
of NaCl or KC1 

Number of SD C-fOS 

NaCl 1 M (n = 6) O-l (0.2 * 0.4) o-+ 
KC1 1 M (n = 7) 6-8 (6.6 f 1.0) +++ 
KC1 1 M/sumatriptan (n = 5) 6-7 (6.2 + 0.4) +++ 
KC1 1 M/sensory denervation (n = 5) 6-9 (7.2 k 1.3) +++ 
KC1 1 M/hypercapnia-hyperoxia (n = 5) 4-5 (4.4 ? 0.5) +-+ + 
KC1 0.15 M (n = 4) 5-7 (6.3 f 1.0) +++ 
KC1 0.15 M/hypercapnia-hyperoxia (n = 6) 14 (2.5 + 1.2) 0-+ 

Qualitative scale: 0, no positive cells; +, sparse positive cells; + +, moderate positive cells; + + +, numerous positive 
cells. Data in parentheses are means t SD. 

Untreated 

l/+b 

Sumatriptan 

Hyperoxia & Hypercarbia 

Denervation 

Figure 1. Spreading depression (SD) frequency. The upperpanel shows 
a continuous DC record from one animal that received 0.5 @min 
injection of 1 M KC1 every 9 min for 1 min in left posterior parietal 
cortex. Arrows (pointing up) at the bottom indicate the starting point 
of KC1 microinjections. Notice that SD, monitored in frontal cortex, 
was triggered shortly after these injections in every instance. The second 
panel shows a similar injection paradigm in an animal that received 
intravenous sumatriptan (300 mg/kg) 30 min before the onset of KC1 
microinjections. Here, too, SD was triggered after each microinjection. 
The third panel was recorded from an animal that was exposed to 
combined hypercapnia and hyperoxia before the onset of KC1 microin- 
jections (horizontal bar). Notice in the latter case a single SD occurred. 
This most likely resulted from the additional trauma associated with 
insertion of the 200~pm-diameter injection probe. The fourth panel 
shows a recording from an animal that had its ipsilateral nasociliary 
nerve, a trigeminal branch innervating the meninges, severed 14 d before 
SD was evoked as described above. 

Physiologic variables were similar in all experimental groups 
(Table 1). The mean number of SDs for each experimental group 
are shown in Table 2. Continuous records representative of the 
treatment groups that evoked SDS are shown in Figure 1. SD 
always occurred after microinjection of 1 M KC1 [group II, 6.6 
f 1 .O SD (range, 6-8)] or 0.15 M KC1 [group VI, 6.3 + 1 .O SD 
(range, 5-7)]. Treatment with intravenous sumatriptan or chron- 
ic sensory denervation did not affect the number of SDS [group 
III, 6.2 + 0.4 SD (range, 6-7); group IV, 7.0 f 1.4 SD (range, 
6-9)]. Sumatriptan pretreatment did, however, slightly alter the 
DC waveform of SD recorded in frontal cortex (Fig. 1). The 
waveform was sharper with less plateau. The significance of this 
alteration is unknown. Similarly, in the example shown, spon- 
taneous electrical activity stopped at the onset of the fourth SD 
(evidenced by the narrowing of the baseline DC signal). Such a 
diminution in baseline activity was not regularly seen in the 
sumatriptan group. Combined hyperoxia and hypercapnia re- 
duced the number of evoked SDS after KC1 microinjection [group 
V, 4.4 + 0.5 SD (range, 4-5); group VII, 2.5 ? 1.2 SD (range, 
l-4)]. Microinjection of 1 M NaCl (group I) never evoked SD, 
although insertion of the injection cannula did evoke a single 
SD in one animal [0.2 f 0.4 SD (range, O-l)]. 

C-fos protein response in forebrain 

C-fos protein-L1 was expressed intensely within cerebral cortex 
on the side ipsilateral to SD (Table 2, Fig. 2b). Sumatriptan or 
chronic sensory denervation did not reduce the degree of neo- 
cortical staining induced by SD (Table 2, Fig. 2c,d). Positive 
cells were particularly evident in laminae II, III, and VI. Staining 
was reduced after combined hyperoxia and hypercapnia and 
was only faintly observed after NaCl microinjection (Fig. 2a,e). 

Positive cells were also noted within ipsilateral hippocampus 
in at least half the animals after KC1 microinjections, all animals 
after KCl/sumatriptan treatment, and four out of five animals 
after KCl/sensory denervation. After NaCl microinjections, one 
of six animals did show prominent ipsilateral hippocampal 
staining; this animal exhibited a single SD during the recording 
period. Only faint c-fos protein staining was present in the KCl/ 
hyperoxia-hypercapnia group. 

Many labeled cells were observed bilaterally in the thalamus 
such as habenular, paraventricular thalamic, mediodorsal, in- 
termediodorsal, and centromedian nuclei, in the hypothalamus 
such as supraoptic, paraventricular, and dorsomedial nuclei, in 
the medial, lateral, and triangular septal nuclei, and in the me- 
dial and lateral preoptic area. There were no apparent differences 
between groups, however. A few c-fos protein-labeled cells were 
observed in the medial and mediodorsal parts of caudate-pu- 
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Figure 2. C-fos LI in the cingulate cortex taken from the frontal region after animals received microinjections into left posterior parietal cortex 
of 1 M NaCl (a), 1 M KC1 (b), 1 M KCVsumatriptan (c), 1 M KCl/sensory denervation (d), or 1 M KCl/hyperoxia-hypercapnia (e). C-fos LI is 
visualized in cells within ipsilateral cerebral cortex after KC1 (b) but much less so after NaCl (a) microinjections. Hyperoxia-hypercapnia prior to 
KC1 microinjection (e) but not sumatriptan (c) or sensory meningeal denervation (d) reduces c-fos expression in the frontal cortex. L, Left side; R, 
right side. Scale bar, 300 pm. 
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Table 3. Expression of c-fos protein in brainstem nuclei 

1 M KCl/ 1 MKCV 1 M KCl/ 
1 M NaCl ~MKCI Suma SX co, 

Periaqueductal gray 
Dorsal raphe nucleus 
Parabrachial nucleus 

Medial 
Lateral 

Substantia nigra 
Compacta 
Reticularis 

Locus ceruleus 
Lateral reticular nucleus 
Inferior olive 
Nucleus of the solitary tract 

Rostra1 
Caudal 

Area postrema 
Trigeminal nucleus 

Oralis 
Interpolaris 
Caudalis 

++ 
+++ 

0-+ 

++ 

+ 

0 

0-+ 

+ 

++ 

o-+ 
+++ 
+ 

0 

+ 

++ 

+++ 
+++ 

0-+ 
+++ 

+ 

0 

0-+ 

++ 

+++ 

0-+ 

+++ 

+ 

0 

+ 

+++ 

+++ 
+++ 

0-+ 
+ 

+ 

0 

0-+ 

++ 

+++ 

0-+ 

+++ 

++ 

0 

+ 

+ 

+++ 
+++ 

Cl-+ 
+ 

+ 

0 

0-+ 

++ 

+++ 

0-+ 

+++ 

+ 

0 

+ 

+ 

+++ 
+++ 

0-+ 
+ 

+ 

0 

0-+ 

++ 

+++ 

0-+ 

+++ 

++ 

0 

+ 

+ 

The same aualitative scale is used as in Table 2. Suma, sumatriptan; Sx, chronic sensory denervation; CO,, hypercapnio 
hyperoxia.’ 

tamen bilaterally after 1 M KC1 injection, and to a lesser degree 
after 1 M NaCl injection, but c-fos protein expression was not 
reduced after KC1 injection that accompanied combined hy- 
peroxia and hypercapnia, or sumatriptan treatment or after 
chronic meningeal deafferentation. Rare C-$X protein-labeled 
cells were detected in globus pallidus. 

C-fos protein response in brainstem 

C-fis protein-labeled cells were observed bilaterally within mul- 
tiple brainstem nuclei (Table 3). The numbers were greatest 

0 -1.5 -3.0 -4.5 -6.0 

Figure 3. Ratio of the number of c-fos-immunoreactive cells (left: 
right sides) at five different levels within TNC (laminae I and 110) after 
microinjections in left parietal cortex of 1 M NaCl (n = 6, open bars), 
1 M KC1 (n = 7, solid bars), 1 M KCl/sumatriptan (n = 5, hatched bars), 
1 M KCl/sensory denervation (n = 5, crosshatched bars), and 1 M KCl/ 
hyperoxia-hypercapnia (n = 5, dotted bars). The x-axis indicates the 
distances caudal (-) to obex (mm). Data are shown as mean f SD. *, 
p < 0.05; **, p < 0.01; compared to the group receiving 1 M NaCl 
microinjection. 

within TNC, parabrachial nucleus, nucleus of the solitary tract, 
dorsal raphe nucleus, periaqueductal gray, and inferior olive. 
The numbers of positive cells within nucleus of the solitary tract 
and dorsal raphe nucleus did not differ between groups (data 
not shown). The numbers of positive cells within parabrachial 
nucleus, periaqueductal gray, and inferior olive were greater in 
the KC1 groups. However, only within parabrachial nucleus were 
fewer positive cells counted after 1 M KCl/sumatriptan, 1 M 

KCl/sensory denervation, or 1 M KCl/hyperoxia-hypercapnia 
treatment [ 146 f 25 (1 M KCl), 100 f 13 (1 M NaCI, p < 0.05), 
69 k 15 (1 M KClkumatriptan, p < O.Ol), 74 f 19 (1 M KCl/ 
sensory denervation, p < O.Ol), 73 f 19 (1 M KCl/hyperoxia- 
hypercapnia, p < O.Ol)]. 

C-fos protein response in TNC 
Labeled cells were found throughout TNC bilaterally in all groups 
(Figs. 3, 4). Positively stained cells were located chiefly in lam- 
inae I and 110, and were particularly evident within the ventro- 
lateral segment corresponding to the region receiving trigeminal 
afferent inputs from the ophthalmic division (Fig. 4). Sparse 
labeling was present in laminae III-V. 

Most positive cells were located between - 1.5 and -4.5 mm 
from obex. Consequently, labeled cells were counted above and 
below - 1.5 mm to define a rostra1 and caudal TNC part, re- 
spectively. Approximately 80% oftotal positive cells were found 
in the caudal segment [74 f 15 (caudal) as compared to 45 f 
14 (rostral) cells per section after 1 M KCl]. Differences between 
the experimental groups were more significant in the caudal 
segment as well. For the above reasons, and because the spinal 
portion of the TNC corresponds to the termination sites for the 
ophthalmic division (Darian-Smith, 1966), the results obtained 
for rostra1 and caudal TNC will be described separately. 

Caudal TNC. The greatest number of c-fos protein-positive 
cells was found after 1 M KC1 microinjections alone (right plus 
left; 74 f 15, p < 0.01). Labeled cells ipsilateral to the KC1 
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microinjection accounted for this increase. The numbers for the 
other treatment groups are as follows: 6 1 f 11 (1 M NaCl), 35 
t- 11 (1 M KCVsumatriptan), 47 f 13 (1 M KCl/sensory de- 
nervation), and 2 1 + 6 (1 M KCl/hyperoxia-hypercapnia). Few- 
er cells were counted after 0.15 M KC1 [74 f 15 (1 M KCl) vs. 
25 + 6 (0.15 M KCl)]. There were no significant differences 
between groups treated with 0.15 M KC1 and 0.15 M KCl/hy- 
peroxia-hypercapnia (25 f 6 vs. 21 * 9, respectively). 

When the data are expressed as the ratio of positive cells on 
the two sides (left : right), variability between individual exper- 
iments (e.g., due to differences in chromogen development, etc.) 
is taken into consideration. When expressed in this way, the 
differences between groups were highly significant (p < 0.01). 
The ratios (as well as number of cells per section on the left vs. 
right sides, respectively) were 1.37 & 0.19 (43 + 10 vs. 3 1 f 
6,1~KCl)and1.35-t0.08(15-t4vs.11~3,0.15~KC1), 
respectively. The groups treated with sumatriptan or sensory 
denervation did not show significant differences between the 
twosides[1.13~0.11,p<0.05(18+-6vs.16~5),1~KCl/ 
sumatriptan; 1.11 + 0.,12, p < 0.05 (24 + 6 vs. 23 f 7), 1 M 

KCVsensory denervation], nor did the animals microinjected 
with NaCl [ 1.06 -t 0.06, p < 0.0 1 (32 & 6 vs. 30 f 5)]. Similarly, 
combined hyperoxia and hypercapnia administered prior to 1 
M KC1 or 0.15 M KC1 significantly reduced the ratio and differ- 
ences in cell numbers between the two sides [ 1.09 f 0.10, p < 
0.01 (lo rk 2 VS. 10 k 3), 1 M KCl; 1.04 + 0.05, p < 0.01 (11 
k 5 vs. 10 f 4), 0.15 M KCl)]. 

Rostra1 TNC. Group differences based on total cell numbers 
were not found in this segment of TNC. 

Statistically significant differences were noted between the two 
sides, however, after 1 M KC1 microinjection versus 1 M NaCl 
microinjection (1.17 + 0.06, p < 0.05). The number of positive 
cells per section on the left and right sides was 25 ? 8 and 22 
+ 7, respectively. No significant asymmetries occurred in those 
animals treated with 0.15 M KCl, 1 M NaCl, 1 M KCl/suma- 
triptan, 1 M KCl/sensory denervation, or KCVhyperoxia-hy- 
percapnia, however. 

Discussion 
C-fos response 
The nuclear phosphoprotein C-$X may play a role in long-term 
alterations of cellular function (Sheng and Greenberg, 1990; 
Morgan and Curran, 199 1). Trauma, ischemia, seizures, and 
more subtle forms of neuronal stimulation induce c-fos antigen 
and the related family of antigens (FRAs) in neural tissues (Cur- 
ran and Morgan, 1985; Dragunow and Robertson, 1987, 1988; 
Sagar et al., 1988; Onodera et al., 1989; Sheng and Greenberg, 
1990). C-fos protein-L1 can be used to identify areas of neuronal 
activity and to map functionally related neuronal pathways (Sa- 
gar et al., 1988; Menetrey et al., 1989; Bullitt, 1990). 

The induction of c-fos protein-L1 occurs in the trigeminal 
nucleus caudalis and dorsal horn of the spinal cord following 
peripheral noxious and non-noxious stimulation (Hunt et al., 
1987; Presley et al., 1990; Anton et al., 199 1; Gogas et al., 199 1). 
Continuous or prolonged stimuli evoke the most robust re- 
sponse, and the number of labeled cells correlates with stimulus 
intensity. Presley et al. (1990) reported the induction of c-fos 
protein-L1 within subpopulations of spinal cord neurons after 
formalin injection into the hind paw of a rat; the number of 
positively labeled cells correlated with a behavioral response 
indicative of pain. Similarly, Nozaki et al. (1992a,b) noted the 
appearance of immunoreactive cells within TNC (laminae I and 

110) in response to autologous blood injected into the subarach- 
noid space of a rat. The number of positive cells corresponded 
to the amount of administered blood (Nozaki et al., 1992a). 
Morphine significantly attenuated c-fos expression in both mod- 
els (Presley et al., 1990; Nozaki et al., 1992b). 

Positive cells were also present within ipsilateral hippocam- 
pus. Bures et al. (1974) reported that SD does not propagate 
between noncontiguous gray matter regions. Hence, the re- 
sponse in hippocampus probably developed as a consequence 
of transynaptic activation via connections between neocortex 
and entorhinal/piriform cortex or perhaps via unilateral acti- 
vation of the septohippocampal pathway. 

Within TNC, immunoreactivity was prominant within ipsi- 
lateral laminae I and 110 in ventrolateral segments of the spinal 
region corresponding to inputs from the ophthalmic division 
(Shigenaga et al., 1986; Anton et al., 1991). More than likely, 
trigeminal meningeal afferents stimulated this response inas- 
much as meningeal deafferentation blocked the response, and 
contralateral TNC (dorsomedial as well as ventrolateral seg- 
ments) would have featured prominently following stimulation 
by descending somatosensory connections from neocortex. The 
data suggest that c-fos expression may be mediated by lamina- 
specific inputs from trigeminovascular fibers. 

SD-induced brainstem labeling was not restricted to the TNC. 
Staining, observed within parabrachial nucleus, is consistent 
with assigned visceral afferent functions for this nucleus (Cechet- 
to et al., 1985; Hyden et al., 1989). Nozaki et al. (1992a) reported 
the presence of c-fos protein-L1 within parabrachial nucleus 
following the instillation of blood into the subarachnoid space. 
The response was diminished by meningeal deafferentation and 
by pretreatment with a 5-HT,-like agonist sumatriptan (Nozaki 
et al., 1992b). Similarly, the c-fos response to recurrent SDS was 
less after sumatriptan treatment and meningeal deafferentation, 
and after KC1 microinjections combined with hyperoxia and 
hypercapnia. 

Recurrent SDS most likely stimulated c-fos protein expression 
within TNC as suggested by the staining pattern after KCl/ 
hypercapnia and hyperoxia. Inadvertent spread of KC1 from the 
injection site to the meninges, a second possibility, seems much 
less likely. We cannot completely exclude possible effects of 
elevated PaCO, and PaO, on c-fos protein expression per se, 
although we know of no precedent for this in the literature. 
However, hypercapnia-hyperoxia did not suppress c-fos pro- 
tein-LI in all locations, as immunostaining within brainstem 
nuclei other than TNC and the parabrachium was unaffected 
(Table 3). It follows that spreading depression is probably not 
the stimulus for c-fos protein-L1 activity within these other 
brainstem nuclei. 

As reported previously, the extent and magnitude of the c-fos 
response within brain and spinal cord may be influenced by the 
depth and duration of anesthesia and choice of anesthetics, as 
well as by the presence of stimuli extraneous to the particular ex- 
periment (Bullitt, 1990). These factors, plus possible differences 
in scalp incisions, skull trauma, and drilling, plus the delicate 
nature of the experimental preparation, may have accounted 
for the relatively large number of labeled cells within TNC on 
both sides in all treatment groups and for the differences in cell 
numbers between groups. Primary afferent inputs into TNC 
bilaterally may have contributed as well (Jacquin et al., 1982). 
C-fos protein-L1 was also observed to an equivalent extent in 
all treatment groups within brainstem nuclei such as dorsal 
raphe nucleus, periaqueductal gray, nucleus of the solitary tract, 
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Figure 4. Immunoreactive c-&containing cells in TNC from sections (50 wrn, -3.0 mm caudal to obex) on left (a, c, e, g, i) and right (b, d, .f 
h, J] sides from animals representative for each group after left parietal microinjections of 1 M NaCl (a. b), 1 M KC1 (c, d), 1 M KCl/sumatriptan 
(e, fl, 1 M KCl/sensory denervation (g, h), or 1 M KCVhyperoxia-hypercapnia (& j). Many c&-positive cells are found in the superficial layers of 
TNC particularly within the ventrolateral segment after KC1 microinjections. Positive cells are more numerous ipsilateral to the microinjection. 
The numbers of c-&positive cells and the ratio of cell numbers between sides were diminished by sumatriptan, sensory denervation, or treatment 
with hyperoxia-hypercapnia. Scale bar, 200 pm. 

area postrema, inferior olive, and in some hypothalamic and 
thalamic nuclei, although additional experiments are needed to 
provide a more detailed examination in each of these brain 
regions. C-fos protein-L1 was not observed within cells in any 
of the above noted brainstem or forebrain regions when normal, 
unoperated, unstressed, and untouched subjects were subjected 
to brain immunohistochemical examination using the employed 
antisera (M. A. Moskowitz, K. Nozaki, and R. P. Kraig, un- 
published observations). 

Sumatriptan 

The importance of the trigeminovascular system to SD-induced 
labeling is further underscored by the actions of sumatriptan 
(Humphrey et al., 1988; Moskowitz, 1992). Sumatriptan, a polar 
indolamine that does not penetrate readily into brain paren- 
chyma, inhibits trigeminovascular activation via prejunctional 
mechanisms when tested in a model system of neurogenic in- 
flammation within the meninges (Buzzi and Moskowitz, 1990; 
Buzzi et al., 199 1, 1992). Pharmacological studies indicate that 
sumatriptan inhibits neuropeptide release from perivascular fi- 
bers (Buzzi et al., 199 1; Moskowitz, 1992). Intracranial, but not 
extracranial, trigeminal afferents appear to possess this receptor. 
A second drug action relates to sumatriptan’s ability to inhibit 
neural transmission specifically within the trigeminovascular 
system. Sumatriptan blocks c-fos protein-L1 within TNC fol- 
lowing noxious irritation of meningeal afferents induced by blood. 
The drug response is specific, inasmuch as the 5HT,-like ag- 
onists sumatriptan or dihydroergotamine did not inhibit c-j&s 
protein-L1 within TNC induced by formalin application to the 
nasal mucosa (Nozaki et al., 1992b). An action on primary 
to the nasal mucosa (Nozaki et al., 1992b). An action on primary 
afferent fibers was proposed. Of course, the studies reported 
herein do not exclude the unlikely possibility that this hydro- 
philic 5-HT analog blocks c-fos protein-L1 within TNC directly. 

Possible mechanisms of trigeminovascular activation 

What then constitutes an effective stimulus for trigeminovas- 
cular activation after recurrent SDS? To our knowledge, there 
are no detailed reports describing the electrophysiological prop- 

erties of primary nociceptors within the meninges. In other tis- 
sues, the vast majority of nociceptors are polymodal and re- 
spond to noxious, thermal, mechanical, and chemical stimuli 
(Bessou and Perl, 1969; Kumazawa and Mizumura, 1980; Lang 
et al., 1990). Local release or new synthesis of chemical con- 
stituents such as bradykinin, potassium, hydrogen ion, and cer- 
tain neurotransmitters such as 5-HT (Lang et al., 1990; Steen 
et al., 1992) activates or sensitizes primary afferent fibers. Neu- 
gebauer et al. (1989) provided evidence for nociceptor sensiti- 
zation to passive joint motion following intrarticular bradykinin 
or prostaglandin injections. Some of the same agents are released 
into neocortex during SD. For example, hydrogen ions and po- 
tassium concentrations increase within the interstitial space 5- 
20-fold during a single SD; levels of prostaglandins increase as 
well. Oxygen free radicals, mediators of tissue injury, are gen- 
erated during the formation of prostaglandins (Kontos, 1989). 
Cumulative or tonic stimulation by recurrent SDS was required 
inasmuch as signals generated by single SDS did not raise the 
number of stained cells (this assumes that elevated PaCO, + 
0, had no other effects on c-fos protein-L1 in TNC). Altema- 
tively, detection of positive cells after single SDS may have been 
obscured by the relatively large population of labeled cells pres- 
ent under baseline conditions. 

Glutamate-mediated mechanisms and the NMDA receptor 
may initiate and facilitate SD (Van Harreveld, 1984; Hansen et 
al., 1988; Marrannes et al., 1988). Under certain conditions, 
glutamatergic neurotransmission promotes neural injury (Choi, 
1988). Unmyelinated C-fibers are stimulated by the chemical 
constituents released during and after tissue injury (see above). 
NMDA antagonists such as MK-80 1 block cortical SD and the 
attendant c&s response in neocortex (Marrannes et al., 1988; 
Herrera and Robertson, 1990). We speculate that nitric oxide, 
formed within brain cells as a consequence of NMDA receptor 
activation, may reach the vasculature after local synthesis (Daw- 
son et al., 199 1; Bredt and Snyder, 1992). Nitric oxide itself or 
a free radical derivative (Hogg et al., 1992) stimulates trigemino- 
vascular activation as well. We have shown that NO stimulates 
perivascular trigeminovascular fibers as a unique vasodilating 
mechanism within the pial circulation (H. A. Kontos, E. P. Wei, 
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and M. A. Moskowitz, unpublished observations). As demon- 
strated for nitroglycerin and sodium nitroprusside (Wei et al., 
1992), the effects of nitric oxide were significantly attenuated 
by the addition of calcitonin gene-related peptide (8-37) a com- 
petitive receptor antagonist. 

SD may be one of several neurophysiological events capable 
of activating nociceptive mechanisms in cerebral cortex. Gen- 
eralized seizures activate trigeminovascular fibers, and by so 
doing, increase blood flow in neocortex (Sakas et al., 1989). 
Injurious stimuli to brain (such as ischemia; Moskowitz et al., 
1989) and to blood vessels (e.g., acute, severe hypertension; 
Sakas et al., 1989) also can activate this system. Pain and head- 
ache develop in humans during seizures, ischemia, and severe 
hypertension. In fact, headache of migraine with aura develops 
following a focal neurological event (most often referable to 
neocortex) that some have likened to the spreading depression 
of Leao (Milner, 1958; Olesen et al., 198 1). 

The findings are consistent with the following formulation: 
neurophysiologically driven ionic and metabolic mechanisms 
(e.g., SD) promote the release of nociceptive substances from 
neocortex into the interstitial space. Within the perivascular 
space, released substances activate and sensitize trigeminovas- 
cular fibers that surround pial vessels supplying and draining 
neocortex within Virchow-Robin spaces. As a result, impulses 
are conveyed to TNC and then to more rostra1 centers. Pain 
may ensue. Less likely, products released from cortex may stim- 
ulate meningeal vessels, which in turn release nociceptive mol- 
ecules. We speculate that our findings may be relevant to head- 
ache pathophysiology and to the pathogenesis of photophobia 
and phonophobia accompanying stimulation of meningeal af- 
ferents. 

References 
Anton F, Herdegen T, Peppel P, Leah JD (1991) C-fos-like immu- 

noreactivity in rat brainstem neurons following noxious chemical 
stimulation of the nasal mucosa. Neuroscience 4 1:629-64 1. 

Avoli M, Drapeau C, Louvel J, Pumain R, Olivier A, Villemure J-G 
(199 1) Epileptiform activity induced by low extracellular magnesium 
in the human cortex maintained in vitro. Ann Neurol 30589-596. 

Bessou P, Per1 ER (1969) Response of cutaneous sensory units with 
unmyelinated fibers to noxious stimuli. J Neurophysiol32:1025-1043. 

Bredt DS, Snyder SH (1992) Nitric oxide. a novel neuronal messeneer. 
Neuron 8:3-l 1. 

Bretag AH (1969) Synthetic interstitial fluid for isolated mammalian 
tissue. Life Sci 8:3 19-329. 

Bullitt E (1990) Expression of c&s like protein as a marker for neu- 
ronal activity following noxious stimulation in the rat. J Comp Neural 
2965 17-530. 

Bures J, Buresova 0, Krivanek J (1974) The mechanism and appli- 
cations of Leao’s spreading depression of electroencephalographic 
activity. New York: Wiley. 

Buzzi MG, Moskowitz MA (1990) The antimigraine drug, sumatriptan 
(GR43 175), specifically blocks neurogenic plasma extravasation from 
blood vessels in dura mater. Br J Pharmacol 99:202-206. 

Buzzi MG, Carter B, Moskowitz MA, Shimizu T, Heath HH III (199 1) 
Dihydroergotamine and sumatriptan attenuate the increase in plasma 
CGRP levels within rat superior sagittal sinus during electrical tri- 
geminal stimulation. Neuropharmacology 30: 1193-l 200. 

Buzzi MG, Dimitriadou V, Theoharides T, Moskowitz MA (1992) 
5-HT, agonists for vascular headaches block endothelial, mast cell 
and platelet activation within dura mater after trigeminal stimulation. 
Brain Res 583:137-149. 

Cechetto DF, Standaert DG, Saper CB (1985) Spinal and trigeminal 
dorsal horn projections to the parabrachial nucleus in the rat. J Comp 
Neurol 240: 153-l 60. 

Choi DW (1988) Glutamate neurotoxicity and diseases of the nervous 
system. Neuron 1:623-634. 

Curran T, Morgan JI (1985) Superinduction of c-fos by nerve growth 

factor in the presence of peripherally active benzodiazepines. Science 
229:1265-1268. 

Darian-Smith I (1966) Neural mechanisms of facial sensation. Int Rev 
Neurobiol 9:301-395. 

Dawson VL, Dawson TM, London ED, Bredt DS, Snyder SH (1991) 
Nitric oxide mediates glutamate neurotoxicity in primary cortical 
culture. Proc Nat1 Acad Sci USA 88:7797-7801. 

Dragunow M, Robertson HA (1987) Kindling stimulation induces 
c-fos protein(s) in granule cells of rat dentate gyrus. Nature 329:44 l- 
442. 

Dragunow M, Robertson HA (1988) Brain injury induces c-fos pro- 
tein(s) in nerve and glia-like cells in adult mammalian brain. Brain 
Res 455:295-299. 

Gogas KR, Presley RW, Levine JD, Basbaum AI (199 1) The antinoci- 
ceptive action of supraspinal opioids results from an increase in de- 
scending inhibitory control: correlation of nociceptive behavior and 
c-fos expression. Neuroscience 42:6 17-628. 

Hansen AJ, Lauritzen M, Wieloch T (1988) NMDA antagonists inhibit 
cortical spreading depression, but not anoxic depolarization. In: Fron- 
tiers in excitatory amino acid research (Cavalheiro A, Lehman J. 
Turski L, eds), pp 66 l-666. New York: Liss. 

Herrera DG. Robertson HA (1990) ADDkitiOD of ootassium chloride 
to the brain surface induces the c-fos proto-ondogene: reversal by 
MK-80 1. Brain Res 5 10: 166-l 70. 

Hogg N, Darley-Usmar VM, Wilson MT, Moncada S (1992) Produc- 
tion of hydroxyl radicals from the simultaneous generation of suner- 
oxide and nitric oxide. Biochem J 28 I:4 19424.- 

Humphrev PPA. Feniuk W. Perren MJ. Connor HE. Oxford AW. Coates 
IH; B&a D’ (1988) GR 43175, a selective agonist for the’5IHTy: 
like receptor in dog saphenous vein. Br J Pharmacol94: 1123-l 132. 

Hunt SP, Pini A, Evan G (1987) Induction of c-fi.r-like protein in 
spinal cord neurons following sensory stimulation. Nature 328:632- 
634. 

Hyden JLK, Anton F, Nahin RL (1989) Spinal lamina I projection 
neurons in the rat: collateral innervation of parabrachial area and 
thalamus. Neuroscience 28:27-37. 

Jacquin MF, Semba K, Rhoades RW, Egger MD (1982) Trigeminal 
primary afferents project bilaterally to dorsal horn and ipsilaterally 
to cerebellum, reticular formation, and cuneate, solitarv. supratriaem- 

- - - inal and vagal nuclei. Brain Res 246:285-29 1. 
Kano M. Moskowitz MA. Yokota M (199 1) Parasvmnathetic dener- 

I , 

vation of rat pial vessels significantly increases infarction volume 
following middle cerebral artery occlusion. J Cereb Blood Flow Metab 
11:628-637. 

Kontos HA (1989) Oxvnen radicals in CNS damaee. Chem Biol In- 
teract 721229-255. -- 

Kraig RP, Cooper AJL (1987) Bicarbonate and ammonia changes in 
brain during spreading depression. Can J Physiol Pharmacol65: 1099- 
1104. 

Kraig RP, Petit0 CK, Plum F, Pulsinelli WA (1987) Hydrogen ions 
kill brain at concentrations reached in ischemia. J Cereb Blood Flow 
Metab 7:379-386. 

Kraig RP, Dong L, Thisted R, Jaeger CB (199 1) Spreading depression 
increases immunohistochemical staining of glial fibrillary acidic pro- 
tein. J Neurosci 11:2187-2198. 

Krivanek J (196 1) Some metabolic changes accompanying Leao’s 
spreading cortical depression in the rat. J Neurochem 6: 183-I 89. 

Kumazawa K, Mizumura K (1980) Chemical responses of polymodal 
receptors of polymodal nociceptors recorded from the superior sper- 
matic nerve of dogs. J Physiol (Lond) 299:233-245. 

Lang E, Nocak A, Reeh PW, Handwerker P (1990) Chemosensitivity 
of fine afferents from rat skin in vitro. J Neurophysiol 63:887-90 1. 

Lauritzen M, Hansen AK, Kronborg D, Wieloch T (1990) Cortical 
spreading depression is associated with arachidonic acid accumula- 
tion and preservation of energy charge. J Cereb Blood Flow Metab 
10:115-122. 

Liu-Chen L-Y, Mayberg MR, Moskowitz MA (1983a) Immunohis- 
tochemical evidence for a substance P-containing trigeminovascular 
pathway to pial arteries in cats. Brain Res 268:162-166. 

Liu-Chen L-Y, Han DH, Moskowitz MA (1983b) Pia arachnoid con- 
tains immunoreactive substance P (ISP) projecting from trigeminal 
neurons. Neuroscience 9:803-808. 

Liu-Chen L-Y, Gillespie SA, Norregaard TV, Moskowitz MA (1984) 
Co-localization of retrogradely transported wheat germ agglutinin and 
the putative neurotransmitter substance P within the trigeminal gan- 



The Journal of Neuroscience, March 1993, 73(3) 1177 

glion cells projecting to cat middle cerebral artery. J Comp Neurol 
225187-192. 

Liu-Chen L-Y, Liszczak T, King J, Moskowitz MA (1986) An im- 
munoelectron microscopic study of substance P-containing axons in 
cerebral arteries. Brain Res 369: 12-20. 

Macfarlane R, Tasdemiroglu E, Moskowitz MA, Wei EP, Kontos HE 
(199 1) Chronic trigeminal ganglionectomy or topical capsaicin ap- 
plication to pial vessels attenuates postocclusive hyperemia but does 
not affect postischemic hypoperfusion. J Cereb Blood Flow Metab 
11:261-271. 

Mayberg ‘M, Zervas NT, Moskowitz MA (1984) Trigeminal projec- 
tions to supratentorial pial and dural blood vessels in cats demon- 
strated by horseradish peroxidase histochemistry. J Comp Neurol 
223146-56. 

McCulloch J, Uddman R, Kingman TA, Edvinsson L (1986) Calci- 

Marrannes R, Willems R, De Prins E, Wauqiuer A (1988) Evidence 
for a role of the N-methyl-D-aspartate (NMDA) receptor in cortical 
spreading depression in the rat. Brain Res 457:226-240. 

Mayberg M, Langer RS, Zervas NT, Moskowitz MA (198 1) Perivas- 
cular meningeal projections from the cat trigeminal ganglia: possible 
nathwav for vascular headaches in man. Science 2 13:228-230. 

Norregaard TV, Moskowitz MA (1985) Substance P and the sensory 
innervation of intra- and extracranial feline cephalic arteries: impli- 
cations for vascular pain mechanism in man. Brain 108:5 17-533. 

Nozaki K, Boccalini P, Moskowitz MA (1992a) Expression of c-fos- 
like immunoreactivity in brain stem after meningeal irritation by 
blood in the subarachnoid space. Neuroscience 49:669-680. 

Nozaki K, Moskowitz MA, Boccalini P (1992b) CP-93,129, suma- 
triptan, dihydroergotamine block c-fos expression within rat trigem- 
inal nucleus caudalis caused by chemical stimulation ofthe meninges. 
Br J Pharmacol 106:409415. 

Olesen J, Larsen B, Lauritzen M (198 1) Focal hyperemia followed by 
spreading oligemia and impaired activation of rCBF in classic mi- 
graine. Ann Neurol 9:344-352. 

Onodera H, Kogure K, Ono Y, Igarashi K, Kiyota K, Nagaoka A (1989) 
Proto-oncogene c-fos is transiently induced in the rat cerebral cortex 

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates. 
after forebrain ischemia. Neurosci Lett 98: 101-104. 

New York: Academic. 
Presley RW, Menetrey D, Levine JD, Basbaum AI (1990) Systemic 

morphine suppresses noxious stimulus-evoked Fos protein-like im- 
munoreactivity in the rat spinal cord. J Neurosci 10:323-335. 

tonin gene-related peptide: functional role in cerebrovascular regu- 
lation. Proc Nat1 Acad Sci USA 83:5731-5735. 

Menetrey D, Gannon A, Levine JD, Basbaum AI (1989) The expres- 
sion of c-fos protein in presumed-nociceptive interneurons and pro- 
jection neurons of the rat spinal cord: anatomical mapping of the 
central effects of noxious somatic, articular and visceral stimulation. 
J Comp Neurol 258:177-195. 

Moskdwitz MA (1992) Neurogenic versus vascular mechanisms of 
sumatriptan and ergot alkaloids in migraine. Trends Pharmacol Sci 

Milner PM (1958) Note on a possible correspondence between the 

13:307-311. 

scotomas of migraine and spreading depression of Leao. Electroen- 
cephalogr Clin Neurophysiol 10:705. 

Morgan JI, Curran T (1991) Stimulus-transcription coupling in the 
nervous system: involvement of the inducible proto-oncogenes fos 
and jun. Annu Rev Neurosci 14:42 l-15 1. 

Sagar SM, Sharp FR, Curran T (1988) Expression of c-fos protein in 
brain: metabolic mappine. at the cellular level. Science 240:1328- __ - 
1331. 

Saito K, Greenberg S, Moskowitz MA (1987a) Trigeminal origin of 
beta-preprotachykinin products in feline cephalic blood vessels. Neu- 
rosci Lett 76~69-73. 

Saito K, Liu-Chen L-Y, Moskowitz MA (1987b) Substance P-like im- 
munoreactivity in rat forebrain leptomeninges and cerebral vessels 
originates from the trigeminal but not sympathetic ganglia. Brain Res 
403:66-7 1. 

tension or seizures: Proc Nat1 Acad Sci USA 86: 1401-1405. - - 
Sheng M, Greenberg ME (1990) The regulation and function of c-fos 

and other immediate early genes in the nervous system. Neuron 4:477- 

Sakas DE, Moskowitz MA, Wei EP, Kontos HA, Kano M, Ogilvy C 
(1989) Trigeminovascular fibers increase blood flow in cortical grey 
matter by axon-dependent mechanisms during acute, severe hyper- 

Moskowitz MA, Brody M, Liu-Chen L-Y (1983) In vitro release of 
immunoreactive substance P from putative sensory endings in bovine 
pia arachnoid. Neuroscience 9:809-8 14. 

Moskowitz MA, Sakas DE, Wei EP, Kano M, Buzzi MG, Ogilvy C, 
Kontos HA (1989) Postocclusive cerebral hyperemia is markedly 
attenuated by chronic trigeminal ganglionectomy. Am J Physio1257: 
H1736-H1736. 

Mutch WAC, Hansen AJ (1984) Extracellular pH changes during 
spreading depression and cerebral ischemia: mechanisms of brain pH 
regulation. J Cereb Blood Flow Metab 4: 17-27. 

Nedergaard M, Hansen AJ (1987) Spreading depression is not asso- 
ciated with neuronal injury in rat brain. Brain Res 449:395-398. 

Neugebauer V, Schaible H-G, Schmidt RF (1989) Sensitization of 
articular afferents to mechanical stimuli by bradykinin. Pfluegers Arch 
415:330-335. 

Nicholson C, Kraig RP (1981) The behavior of extracellular ions 
during spreading depression. In: The application of ion-selective mi- 
croelectrodes (Zeuthen T, ed), pp 217-238. Amsterdam: Elsevier/ 
North-Holland. 

485. 
Shigenaga Y, Chen IC, Suemune S, Nishimori T, Nasution ID, Yoshida 

A, Sato H, Okamoto T, Sera M, Hosoi M (1986) Oral and facial 
representation within the medullary and upper cervical dorsal horns 
in the cat. J Comp Neurol 243:3881108. 

Steen KH, Reeh PW, Anton F, Handwerker HO (1992) Protons se- 
lectively induce lasting excitation and sensitization to mechanical 
stimulation of nociceptors in rat skin, in vitro. J Neurosci 12:86-95. 

Suzuki N. Hardebo JE. Owman CH (1989) Origins and pathwavs of ~ , - 
cerebrovascular nerves storing substance P and CGRP In rat. Neu- 
roscience 3 11427438. 

Van Harreveld A (1984) The nature of chick’s magnesium-sensitive 
retinal spreading depression. J Neurobiol 15:333-344. 

Wei EP, Moskowitz MA, Boccalini P, Kontos HA (1992) Calcitonin 
gene-related peptide mediates nitroglycerin and sodium nitroprus- 
side-induced vasodilation in feline cerebral arterioles. Circ Res 70: 
1313-1319. 


