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Abstract
Primary headaches such as migraine can be aborted by systemic administration of non-steroidal anti-
inflammatory drugs (NSAIDs), potentially through the non-selective inhibition of cyclooxygenase
(COX) activity in the intracranial meninges. In this study we have used single and double labeling
immunohistochemistry to examine the distribution of the COX-1 and COX-2 isoforms in the
intracranial dura mater of the rat and identify cell types that express them. COX-1 immunoreactivity
was found in medium and small dural blood vessels and was co-expressed with the endothelial cell
markers vimentin and the endothelial isoform of nitric oxide synthase (ecNOS). COX-1 was also
found to be present in most dural mast cells. COX-2 was mainly expressed in ED2-positive resident
dural macrophages. Constitutive COX-2 expression was also found in some axonal profiles, many
of which were co-labeled with the nociceptor peptide marker CGRP. The findings suggest that
NSAIDs may abort headache, at least in part, by inhibiting either neuronal or non-neuronal COX
activity in the dura mater.
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Introduction
Primary headaches such as migraine are believed to ensue as a result of sterile meningeal
inflammation localized to the intracranial meninges and the subsequent activation and
sensitization of trigeminal nociceptive fibers that innervate them [1,21,22]. The ability of
systemic administration of non-steroidal anti-inflammatory drugs (NSAIDs) to abort these
headaches [8,15,16,20], potentially through the inhibition of the two cyclooxygenase isoforms
COX-1 and COX-2 [26], further suggests the involvement of local meningeal inflammation
and particularly the role of COX-derived prostanoids, such as prostacyclin, in promoting the
activation and sensitization of meningeal nociceptors [27] and the resultant headache [24]. To
better understand the potential targets of NSAIDs in the meninges, the present study utilized
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immunohistochemical methods to examine the localization of the COX-1 and COX-2 isoforms
and identify the cell types that express them in the dura mater encephali of the rat.

Materials and Methods
Experiments were carried out on adult Sprague-Dawley male rats (250–300 g). All
experimental protocols were approved by the institutional Animal Care and Use Committees
of the Harvard Medical School and Beth Israel Deaconess Medical Center.

Immunohistochemistry
Rats were terminally anesthetized with sodium pentobarbital (100 mg/kg) and perfused
transcardially with cold heparinized solution of 0.1M phosphate-buffered saline (PBS, pH 7.4),
followed by freshly-made cold 4% paraformaldehyde in 0.1 M PBS. A large piece of the dura
that included the superior sagittal sinus and transverse sinus was then removed and processed
for either single or double labeling immunohistochemistry. Non-specific binding of the primary
antibodies was blocked by incubating the dura for 2 h at 4°C in 0.1 M PBS containing 10%
normal serum and 0.1% Triton-X. Thereafter, the dura was incubated for 24 h at 4°C with a
primary antibody against a given COX isoform or a mixture of anti-COX antibody and another
antibody directed against a marker specific to a given cell type. The dura was incubated with
a goat polyclonal antibody direct against the C-terminus of either mouse COX-1 or COX-2
(SC-1754 or SC-1747, respectively, Santa Cruz Biochemicals, Santa Cruz, CA, both used at
a 1:500 dilution). As a control for non-specific staining, dural preparations were incubated
(a) without any primary antibody, (b) with control IgG isotypes, or (c) with COX-1 or COX-2
antibodies that were preadsorbed with the appropriate blocking peptides.

To examine cell types that express COX-1 and COX-2, we conducted additional double
labeling of COX-1 or COX-2 in conjunction with another antibody directed against markers
of: 1) endothelial cells (eNOS, 610298, 1:500 dilution, BD biosciences, San Jose, CA or
vimentin SC-5565, 1:250 dilution, Santa Cruz biotechnology, Santa Cruz, CA), 2) resident
macrophages (CD163, clone ED2, RDI-T3011X, 1:500, RDI, Flanders, NJ), or 3) peptidergic
nociceptive sensory fibers (calcitonin gene-related peptide, CGRP, T-5027, 1:1000, Bachem,
San Carlos, CA). For all double labeling immunofluorescence studies, a mixture of the
appropriate secondary antibodies labeled with either Alexa Fluor 594 or Alexa Fluor 488 (each
diluted 1:200, Invitrogen, Carlsbad, CA) was used. To examine potential COX expression in
dural mast cells, the latter were labeled as part of the final fluorescent detection system by
incubating the tissue for 1 h at room temperature with Fluorescein Isothiocyanate-conjugated
egg white avidin (Avidin-FITC, 1:1000, Invitrogen, Carlsbad, CA) which binds to mast cell
(MC) heparin [9]. All immunofluorescence images were acquired using an Olympus epi-
illumination fluorescence microscopy system (BX50) equipped with a CoolSNAP CCD
camera and RsImage software (Roper Scientific). Double labeling micrographs were created
using Adobe Photoshop CS.

Results
Using specific antibodies raised against COX-1 or COX-2 we detected constitutive expression
of both COX isoforms in the intracranial dura mater of the rat. Control studies, including
omission of the primary antibody or using control IgG isotypes resulted in no labeling.
Preadsorption of the primary antibodies with the appropriate peptide immunogen eliminated
both COX-1 and COX-2 labeling indicating the specificity of the antibodies used.

COX-1 immunoreactivity was mainly found within medium to small (second and third order)
blood vessels (Fig 1a). Some of the labeled vessels could be identified as branches of the middle
meningeal artery or tributaries of the adjacent middle meningeal vein. Within a labeled blood
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vessels, COX-1 was co-localized with both vimentin (Fig 1c) and endothelial nitric oxide
synthase (eNOS) (Fig 1f) thus indicating the bulk of COX-1 expression to be within the vascular
endothelium. In addition to vascular labeling, COX-1 was also observed in most dural MCs
(Fig 1i). COX-1 was not detected in dural nerve fibers.

COX-2 immunoreactivity was also found throughout the dura mater, but unlike COX-1 it was
not found in blood vessels or mast cells. The bulk of COX-2 labeling was localized to resident
macrophages as indicated by the double labeling with the macrophage marker ED2 (Fig. 2c).
COX-2 expression was also found in some axonal profiles, many of which were co-labeled
with the nociceptor peptide marker CGRP (Fig. 2f).

Discussion
Our findings suggest that intracranial meningeal COX-1 is mainly expressed in the vascular
endothelium and within dural mast cells. Constitutive expression of COX-2 is mostly localized
to dural macrophages and some peptidergic dural afferents fibers. Previous studies have
identified basal COX-1 expression in cell bodies of primary afferent neurons in dorsal root
ganglia of both rats [2] and mice [3]. We, however, failed to detect axon profiles showing
COX-1-immunoreactivity throughout the trigeminal-innervated dura mater. Such negative
findings suggest that COX-1 expression in trigeminal primary afferent nociceptive neurons, if
present, may be limited to the cell body and not transported to the nociceptor’s peripheral
endings in the dura. Our findings are supported by other studies which also failed to detect
COX-1 expression in peripheral nerves [10,12,19], but are in contrast to a recent study showing
COX-1 immunoreactivity in large cutaneous nerve branches, as well as small intradermal nerve
bundles and nerve endings [13]. Such discrepancies may be due to differences between the
innervation of the skin and the dura or more generally between trigeminal and non-trigeminal
sensory innervations.

Although dural axons lacked COX-1, there was ample presence of COX-1 immunoreactivity
in the dural vascular endothelium and adjacent mast cells. Such constitutive endothelial
expression suggests that prostanoids produced by COX-1 are likely involved in controlling the
circulatory homeostasis of the dura, potentially in conjunction with endothelial NOS-derived
nitric oxide [4,14].

The constitutive expression of COX-2 in perivascular macrophages and some nerve fibers in
the dura (present study) and perivascular macrophages in the choroid plexus [18], as well as
the brain [25] and spinal cord [5], suggest that COX-2 is not strictly an inducible isoform, as
was believed for many years [23]. The co-localization of COX-2 and CGRP immunoreactivity
in some dural nerve fibers suggest that COX-2 is expressed in small myelinated and non
myelinated meningeal sensory fibers, likely nociceptors. Such findings are consistent with
evidence for COX-2 expression in sciatic and saphenous axons [12,13] and in cell bodies of
primary afferent neurons in dorsal root ganglia [7] and the trigeminal ganglion [6].

The cellular localization of the two COX isoforms in the dura mater is in agreement with
previous studies documenting the release of COX-1 and COX-2-derived prostanoids by mast
cells [17] and macrophages [11] respectively. The constitutive expression of COX in meningeal
blood vessels, mast cells, macrophages and nociceptive axons supports the notion that local
release of prostanoids, such as PGI2 [27], could initiate as well as maintain the activation and
sensitization of meningeal nociceptors thus contributing to the pathophysiology of intracranial
headaches, such as migraine. Of note is a recent study demonstrating the ability of infusion of
the stable PGI2 analogue epoprostenol to induce headache [24].
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Conclusion
Using immunohistochemistry COX-1 and COX-2 were found to be constitutively expressed
in the intracranial dura mater of the rat. Double labeling revealed the expression of COX-1 in
vascular endothelial cells and dural mast cells and COX-2 expression in dural macrophages
and dural axons, likely nociceptive afferents. We suggest that meningeal COX-1 and COX-2
could serve as potential target for NSAIDs in aborting headaches of intracranial origin such as
migraine.
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Figure 1.
Localization of COX-1 immunoreactivity in endothelial and mast cells in a whole-mount
preparation of the rat dura. Co-localization of COX-1 and vimentin immunoreactivity (ac)
indicating presence of COX-1 in endothelial cells. Co-localization of COX-1 and eNOS
immunoreactivity (d–f) confirming the presence of COX-1 in endothelial cells. Co-localization
of COX-1 immunoreactivity and avidin (g–i) suggesting presence of COX-1 in mast cells.
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Figure 2.
Localization of COX-2 immunoreactivity in macrophages and nerve fibers in a whole-mount
preparation of the rat dura. Co-localization of COX-2 and ED2 immunoreactivity (a–c)
indicating the presence of COX-2 in resident macrophages. Co-localization of COX-2 and
CGRP immunoreactivity (d–f) indicating expression of COX-2 in meningeal sensory fibers.
Note that COX-2 is also present in CGRP-negative fibers (arrows in f).

Zhang et al. Page 7

Neurosci Lett. Author manuscript; available in PMC 2010 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


