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Abstract
Objective—The goal of this study was to determine whether the physiological effects of carbon
dioxide (CO2) involve regulation of CGRP secretion from trigeminal sensory neurons.

Background—The neuropeptide calcitonin gene-related peptide (CGRP) is implicated in the
pathophysiology of allergic rhinosinusitis and migraine. Recent clinical evidence supports the use
of noninhaled intranasal delivery of 100% CO2 for treatment of these diseases. Patients report 2
distinct physiological events: first, a short duration stinging or burning sensation within the nasal
mucosa, and second, alleviation of primary symptoms.

Methods—Primary cultures of rat trigeminal ganglia were utilized to investigate the effects of
CO2 on CGRP release stimulated by a depolarizing stimulus (KCl), capsaicin, nitric oxide, and/or
protons. The amount of CGRP secreted into the culture media was determined using a CGRP-
specific radioimmunoassay. Intracellular pH and calcium levels were measured in cultured
trigeminal neurons in response to CO2 and stimulatory agents using fluorescent imaging
techniques.

Results—Incubation of primary trigeminal ganglia cultures at pH 6.0 or 5.5 was shown to
significantly stimulate CGRP release. Similarly, CO2 treatment of cultures caused a time-
dependent acidification of the media, achieving pH values of 5.5–6 that stimulated CGRP
secretion. In addition, KCl, capsaicin, and a nitric oxide donor also caused a significant increase in
CGRP release. Interestingly, CO2 treatment of cultures under isohydric conditions, which prevents
extracellular acidification while allowing changes in PCO2 values, significantly repressed the
stimulatory effects of KCl, capsaicin, and nitric oxide on CGRP secretion. We found that CO2
treatment under isohydric conditions resulted in a decrease in intracellular pH and inhibition of the
KCl- and capsaicin-mediated increases in intracellular calcium.

Conclusions—Results from this study provide the first evidence of a unique regulatory
mechanism by which CO2 inhibits sensory nerve activation, and subsequent neuropeptide release.
Furthermore, the observed inhibitory effect of CO2 on CGRP secretion likely involves modulation
of calcium channel activity and changes in intracellular pH.
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The trigeminal nerve consists of 3 main branches, the ophthalmic, maxillary, and
mandibular, each innervating distinct regions of the head and face. Activation and
sensitization of trigeminal ganglion nerve fibers is thought to play a role in the
pathophysiology of migraine and rhinitis. Migraine is a chronic, painful, neurovascular
disorder that affects an estimated 12% of the population.1,2 It is thought that activation of
trigeminovascular afferents in the dura releases neuropeptides causing vasodilation and
inflammation. Release of the neuropeptides in the central nervous system is thought to
contribute to pain, central sensitization, and allodynia.3,4 Similar pathophysiological
mechanisms are thought to be involved in rhinitis, an inflammatory condition involving the
mucous membranes of the nasal cavity,5 affecting an estimated 40 million Americans.6
Inflammation of the nasal mucosa causes activation of trigeminal nerve fibers and paracrine
release of neuropeptides that cause blood vessel dilation and increased glandular
secretion.7–9

Trigeminal ganglion neurons synthesize and release a number of peptides such as substance
P, neurokinin A, and calcitonin gene-related peptide (CGRP) that mediate inflammation and
nociception. Increased expression and release of CGRP is implicated in the pathophysiology
of migraine10–13 and rhinitis.14,15 CGRP is one of the most potent vasodilators known16,17

and relays painful stimuli from the periphery to the central nervous system.10,18 In addition,
CGRP has been reported to cause release of histamine from rat dural mast cells and is
involved in the recruitment and activation of immune cells.15,19–21 Not surprisingly, drugs
such as the triptans that inhibit CGRP release from trigeminal neurons have proven effective
in the treatment of migraine.4,13

Data from phase II clinical trials recently presented at scientific meetings have provided
evidence that a new therapeutic approach provides relief of allergic rhinitis and migraine
headache.22,23 The method involves 100% carbon dioxide (CO2), administered at a flow rate
of 10 mL/second through one nostril while holding the breath or breathing through the
mouth. There are 2 major physiological events reported by patients. First, patients report an
almost immediate burning/stinging sensation within the nose that typically lasts less than 10
seconds. The second major event is relief of the symptoms of allergic rhinitis and the pain of
migraine headache. The cellular mechanism by which CO2 mediates these quite different
physiological events is currently unknown. However, they likely involve extracellular and
intracellular acidosis, respectively, caused by the generation of protons via carbonic
anhydrase activity.24

In this study, we used trigeminal ganglion cultures to investigate the cellular effects of 100%
CO2 on CGRP secretion under conditions that either allowed or prevented extracellular
acidosis. Based on our findings, we propose that the inhibitory effect of CO2 on CGRP
secretion involves a decrease in intracellular pH and inhibition of calcium channel activity.
Furthermore, our results may help to explain the reported benefits of CO2 in the treatment of
migraine headache and allergic rhinitis.

MATERIALS AND METHODS
Primary cultures of trigeminal ganglia were used to investigate the cellular effects of 100%
CO2 on CGRP secretion from trigeminal neurons under conditions that either allowed or
prevented extracellular acidosis. The effects of extracellular versus intracellular pH changes
mediated by CO2 on CGRP secretion and intracellular pH and calcium levels were
determined by allowing PCO2 to change while controlling extracellular pH, a condition
termed isohydric hypercapnia.25–27
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Cell Culture
All animal care and procedures were conducted in accordance with institutional and
National Institutes of Health guidelines. Adult female Sprague-Dawley rats (Charles River
Laboratories Inc., Wilmington, MA, USA) were housed in clean plastic cages on a 12-hour
light/dark cycle with unrestricted access to food and water. Primary cultures of trigeminal
ganglia were established based on our previously published protocols.28–30 Briefly, cells
from ganglia isolated from 3–5 day old rats were resuspended in L15 medium containing
10% fetal bovine serum (Atlanta Biologicals, Norcross, GA, USA), 50 mM glucose, 250 μM
ascorbic acid, 8 μM glutathione, 2 mM glutamine, and 10 ng/mL mouse 2.5 S nerve growth
factor (Alomone Laboratories, Jerusalem, Israel). Penicillin (100 units/mL), streptomycin
(100 μg/mL), and amphotericin B (2.5 μg/mL, Sigma) were also added to the supplemented
L15 media, which will be referred to as L15 complete medium. For secretion studies,
dissociated cells from the equivalent of 24 ganglia were plated on 24-well poly-D-lysine
coated tissue culture plates (BD Biosciences, Bedford, MA, USA) and incubated at 37°C at
ambient CO2. For the pH and calcium measurements, trigeminal cultures were enriched in
neuronal cells (>90%) by density-gradient centrifugation as previously described.29,30

Briefly, after dissociation, the cell pellet was resuspended in 3-mL plating medium
containing 1 mg/mL bovine serum albumin (BSA). Cells were carefully layered onto 6 mL
of plating medium containing 10 mg/mL BSA in a 15-mL conical tube and centrifuged at
100 × g for 3 minutes. The pellet was resuspended in L15 complete medium and plated as
described above at a density of 1.5–2 ganglion per well in a 24-well plate, which
corresponds to 50,000–65,000 cells per well.

Trigeminal ganglion primary cultures maintained for 48 hours in L15 complete medium
were incubated in 250 μL per well of HEPES-buffered saline (HBS; 22.5 mM HEPES, 135
mM NaCl, 3.5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 3.3 mM glucose, and .1% BSA, pH
7.4). The amount of CGRP released into the HBS medium was determined using a CGRP-
specific radioimmunoassay (Bachem/Peninsula Laboratories Inc., San Carlos, CA, USA).
The basal (unstimulated) amount of CGRP secreted into the medium in 1 hour was
determined and was used to normalize for differences between the wells. The effects of
increasing proton concentrations on CGRP secretion was determined by incubating the cells
for 1 hour in HBS at pH 7.4, 7.0, 6.5, 6.0, and 5.5 and the amount of CGRP measured.

Effect of CO2 on Medium pH
The effect of increasing 100% CO2 exposure on the pH of different buffered solutions alone
was initially determined. HBS pH 7.4 or HBS pH 7.4 with 100-mM bicarbonate and 100-
mM phosphate, was added to coverslips (80 μL) and placed in a saturated CO2 chamber for
90, 180, or 300 seconds. Immediately after CO2 exposure, the solutions were removed and
pH measured. As expected, the addition of bicarbonate and phosphate to HBS prevented the
decrease in extracellular pH observed with HBS alone.

Effect of CO2 on CGRP Secretion
For the CO2 studies on trigeminal ganglion cells, cultures plated and maintained on
coverslips were removed from the 24-well plate and placed in a saturated CO2 chamber for
300 seconds. Prior to CO2 treatment, the cells were covered with 80 μL HBS or isohydric
medium (20 mM HEPES, 100 mM phosphate, 100 mM sodium bicarbonate) to prevent
external pH changes. Medium was removed and assayed 5 minutes after CO2 exposure and
again 60 minutes after being returned to normal incubation conditions (37°C, ambient CO2).
Following removal of medium from cultures exposed to CO2, fresh medium was added to
the cultures. Cultures were either left untreated (control) or treated with 60 mM KCl, 2 μM
8-methyl-N-vanillyl-6-nonenamide (capsaicin; Sigma), or 1 mM NO donor, S-nitroso-N-
acetylpenicillamine (SNAP; Sigma) for 60 minutes and the amount of secreted CGRP
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measured. KCl treatment causes chemical depolarization of neurons in general, while
capsaicin selectively activates nociceptive C-fibers. As a control, cultures were treated with
equivalent amounts of the appropriate vehicle (dimethyl sulfoxide for both capsaicin and
SNAP) and the amount of secreted CGRP determined. To test for cytotoxic effects of the
various treatments, neuronal survival was assessed in trigeminal ganglion cultures
immediately after treatment and 24 hours later, using the trypan blue exclusion method as
previously described.30 Each experimental condition was performed in duplicate and
repeated in at least 5 independent experiments. The data are reported as mean ± SEM and
values were normalized to basal levels. Statistical analysis was performed using the
nonparametric Mann-Whitney U-test. Differences were considered statistically significant at
P < .05. All statistical tests were preformed using Minitab Statistical Software, Release 14.

Intracellular pH Measurements
For intracellular pH imaging, cells were plated at a density of 1.5–2 ganglia per well on
poly-D-lysine coated, plastic, or glass coverslips. Cells were incubated with SNARF-4FM
loading dye following manufacturer’s instructions (Invitrogen Inc., Carlsbad, CA, USA) and
a previously published protocol.31 Briefly, SNARF-4FM and pleuronic acid (Invitrogen
Inc.) were added to culture media at final concentrations of 5 μM and incubated at 37°C for
30 minutes. Fresh medium was used to rinse the coverslips once and the plate was incubated
for another 30 minutes. Individual coverslips were placed in isohydric medium, pH 7.4, in a
white-walled, clear-bottomed 24-well plate and analyzed using a Victor 3V plate reader
following manufacturer’s instructions (Perkin Elmer, Wellesley, MA, USA), with
wavelengths set at 572 nm and 665 nm for 1 second counts at 20 second intervals. Basal
levels were taken from each well for 5 minutes before addition of stimulatory agents.
Initially, the relative change in intracellular pH in cultured cells in response to incubation in
isohydric media at acidic pH and containing nigericin (10 μM; Sigma) was determined. The
ionophore nigericin is commonly used to equilibrate intracellular pH.31 Cells were incubated
in isohydric medium at pH 5.5,6.0, and 6.5 for 5 minutes at 37°C. For experiments designed
to measure intracellular pH changes in response to CO2 exposure, coverslips were placed in
a sealed chamber saturated with 100% CO2 for 5 minutes prior to pH measurement. Data
were reported as the ratio of the 572 to 665 nm wavelength measurements and, thus, are the
averages of all the cells in each well. Each experimental condition was repeated a minimum
of 3 times. Results of intracellular pH imaging are shown relative to basal levels under
similar culture conditions.

Intracellular Calcium Measurements
For intra-cellular calcium imaging, plating conditions were identical to those used for the pH
imaging studies. Cells were incubated with Fura-2AM and pleuronic acid (Invitrogen Inc.)
at final concentrations of 5 μM, using a similar protocol as previously described.28,32

Absorbance was determined at 340 and 380 nm for 1 second counts at 20 second intervals in
a Victor 3V plate reader following manufacturer’s instructions (Perkin Elmer). Basal levels
were obtained for 5 minutes before treatment with 60 mM KCl, 2 μM capsaicin, or 5
minutes of 100% CO2 in a sealed chamber. After addition of stimulatory agents or CO2
exposure, intracellular calcium levels were determined for an additional 5 minutes. In some
wells treated with CO2, cultures were subsequently treated with 60 mM KCl or 2 μM
capsaicin and intracellular calcium levels measured for another 5 minutes. Data are reported
as the ratio of the 340–380 wavelength measurements and, thus, are the averages of all the
cells in each well. Each experimental condition was repeated a minimum of 3 times. Results
of intracellular Ca2+ imaging are shown relative to basal levels under similar culture
conditions.
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RESULTS
To determine whether protons could stimulate CGRP secretion, neuronal-enriched
trigeminal ganglion cultures were incubated in medium at increasing acidic pH. The basal,
unstimulated amount of CGRP released was measured prior to treatment and used to
normalize for differences between wells. CGRP secretion was significantly increased
approximately 3-fold at pH 6.0 and approximately 4-fold at pH 5.5 when compared to basal
levels at pH 7.4 (Fig. 1). However, pH 7.0 and 6.5 had no significant effect on CGRP
release. Thus, the threshold for activation of trigeminal neurons under our culture conditions
occurs at pH 6.0.

Prior to studies using primary trigeminal ganglion cultures, the effects of 100% CO2
exposure on the pH of differently buffered medium were determined. Each medium was
exposed to 100% CO2 for 90, 180, or 300 seconds and the change in pH measured. As
expected, CO2 exposure caused a time-dependent decrease in pH of the normal medium
(HBS), dropping from a starting pH of 7.4 to pH 6.4 after 90 seconds, pH 6.2 after 180
seconds, and pH 5.8 after 300 seconds. In contrast, there was no decrease in the pH of the
isohydric medium, which contained bicarbonate and phosphate, following CO2 exposure.
Since increasing the exposure time did not cause any appreciable changes in pH than those
seen at 300 seconds (data not shown), a CO2 treatment time of 300 seconds (5 minutes) was
chosen for all subsequent experiments.

Having demonstrated that 100% CO2 exposure causes acidification of the medium, the
effect of CO2 on CGRP secretion was determined. Treatment of 1-day-old trigeminal
ganglion cultures for 1 hour with a depolarizing stimulus, 60 mM KCl, caused a 5-fold
increase in CGRP release when compared to unstimulated control cultures (Fig. 2). For
comparison, CGRP secretion was stimulated 4-fold in response to a 60-minute incubation in
HBS pH 5.5 medium. After only a 5-minute exposure to 100% CO2, which decreases the
medium pH to 5.8, the amount of CGRP released was increased almost 3-fold. Incubation of
the cultures for 60 minutes following CO2 exposure resulted in an even greater increase in
CGRP secretion (>5-fold). These results demonstrate that CO2 exposure, which causes a
rapid acidification of the extracellular medium, can directly stimulate CGRP secretion.

To investigate whether intracellular pH effects could be seen in the absence of extracellular
pH change, we performed experiments in normal HBS medium and in isohydric medium.
Initially, chemical depolarization with 60-mM KCl in HBS medium was shown to cause a 5-
fold increase in CGRP secretion when compared to basal levels (Fig. 3). Pretreatment of
cultures with CO2 for 5 minutes prior to addition of KCl in normal HBS medium resulted in
a small increase in CGRP release. Since isohydric medium allows a change in PCO2 but not
in extracellular pH, the medium allows the study of intracellular pH changes without effects
on the extracellular environment.25 As expected, a 5-minute exposure to 100% CO2 in
isohydric medium had no effect on medium pH, which remained at pH 7.4, and did not
stimulate CGRP release. However, pretreatment of cultures in isohydric medium with CO2,
greatly reduced the stimulatory effect of KCl on CGRP secretion. As a control, the effect of
chemical depolarization with KCl was determined in isohydric medium. KCl caused a
similar 5-fold increase in CGRP release from trigeminal neurons incubated in normal HBS
medium or isohydric medium. To determine if the inhibitory effect of CO2 on CGRP
secretion results were due to cellular toxicity, trypan blue exclusion was performed on
cultures 24 hours post-treatment with no media change. No statistical difference in cell
viability was observed under stimulatory, isohydric, basal, or hypercapnic conditions (data
not shown). Taken together, these data demonstrate that under isohydric conditions CO2
exposure can repress stimulated CGRP release from trigeminal neurons in response to
chemical depolarization.

Vause et al. Page 5

Headache. Author manuscript; available in PMC 2011 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To assess whether CO2 exposure of trigeminal neurons in isohydric medium could cause a
decrease in intracellular pH, cultures were loaded with the fluorescent intracellular pH
indicator SNARF-4AM and intracellular pH levels measured. Initially, the relative change in
intracellular pH in cultures incubated in isohydric medium at pH 6.5, 6.0, and 5.5 and
containing the ionophore nigericin (10 μM) was measured. Basal levels were collected at 20
second intervals for 120 seconds in isohydric media pH 7.4 prior to incubation for 5 minutes
in decreasing pH media to determine the average intracellular pH for each well. Under these
conditions, isohydric medium at pH 6.5 and containing nigericin resulted in a relative
intracellular pH change of 2 units above basal levels, which were made equal to 1 (Fig. 4A).
Incubation of cultures in pH 6.0 medium caused an intracellular pH increase of 2.5 while
incubation in pH 5.5 medium resulted in an even larger increase above basal levels (~4.5)
(Fig. 4A). Having established a correlation of medium pH to relative changes in intracellular
pH cultures were exposed to 100% CO2 for 5 minutes in isohydric medium and the relative
change in intracellular pH measured. CO2 exposure to the cultures caused a shift in the
relative intracellular pH when compared to basal levels (Fig. 4B). These data demonstrate
that CO2 exposure can cause a decrease in intracellular pH in trigeminal neurons.

Repression of KCl stimulation under isohydric hypercapnic conditions as seen in Figure 3,
suggested that CO2 might be affecting calcium ion channel activity. Calcium imaging was
used to investigate the effects of 100% CO2 on intracellular calcium levels. Basal calcium
levels were collected at 20 second intervals for 120 seconds prior to experimental conditions
on the same wells to determine average calcium levels for each well. Exposure of cultures to
CO2 prior to treatment with KCl blocked the expected increase in intracellular calcium (Fig.
5A). As a control, cultures treated with compressed air instead of CO2 for 5 minutes
exhibited the typical rapid elevation of intracellular calcium in response to KCl (Fig. 5B).
Based on these results, CO2 repression of KCl-stimulated CGRP release from trigeminal
neurons likely involves blockage of calcium ion channels.

To establish whether CO2 could inhibit stimulated CGRP secretion by known inflammatory
agents, trigeminal cultures were treated with capsaicin or the NO donor SNAP. In isohydric
medium, capsaicin (2 μM) stimulated CGRP levels almost 5-fold above basal levels and
SNAP (1 mM) increased CGRP secretion about 3-fold (Fig. 6). However, in cultures
exposed to 100% CO2 for 5 minutes, the stimulatory effects of capsaicin and SNAP were
significantly repressed to near basal levels (Fig. 6). As a control, vehicle alone (DMSO) did
not cause increased CGRP secretion (data not shown). Thus, CO2 can inhibit CGRP release
from trigeminal neurons in response to 3 different stimuli, KCl, capsaicin, and NO.

Calcium imaging was used to investigate whether the inhibitory effect of CO2 on capsaicin-
stimulated CGRP secretion was due to inhibition of the reported rise in intracellular calcium
in response to capsaicin.33 Basal calcium levels were measured in isohydric medium prior to
stimulation with 2 μM capsaicin. Capsaicin treatment alone caused a rapid increase in
intracellular calcium above basal levels (Fig. 7A) that was similar to that seen with KCl
(Fig. 5B). In contrast, intracellular calcium levels did not change from basal levels when
cultures were exposed to CO2 prior to addition of capsaicin (Fig. 7B). Based on these data,
CO2 repression of capsaicin-stimulated CGRP release from trigeminal neurons is likely
mediated via inhibition of calcium channel activity and the subsequent elevation of
intracellular calcium.

COMMENTS
Recent phase II clinical studies suggest that non-inhaled intranasal 100% CO2 is beneficial
in treating migraine headache and allergic rhinitis.22,23 The goal of this study was to
determine the effects of CO2 exposure on trigeminal neurons and particularly, on CGRP
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secretion. We utilized a novel system originally reported by Farley and Adler34 to study
extracellular versus intracellular pH changes caused by CO2 exposure and their effects on
CGRP secretion, by allowing PCO2 to change while controlling extracellular pH, a
condition termed isohydric hypercapnia.25–27 Using this system, we demonstrated that CO2
exposure under isohydric conditions prevented increases in CGRP secretion caused by
chemical depolarization, capsaicin, or NO. Furthermore, our data suggest that the inhibitory
effect of CO2 on stimulated CGRP secretion involves a decrease in intracellular pH and
modulation of calcium channel activity, which may help to explain the potential benefit of
CO2 in conditions involving trigeminal nerve activation as reported in migraine and allergic
rhinitis. Interestingly, inhalation of 100% oxygen and sumatriptan, which are standard
therapies for cluster headache, have been reported to reduce the level of CGRP in blood
from the external jugular vein to near normal levels.35 The therapeutic benefit of inhaling
100% oxygen is thought to involve vasoconstriction of cerebral blood vessels and inhibition
of the trigeminovascular system. In a more recent animal study, hyperoxia was shown to
inhibit dural protein plasma extravasation caused by electrical stimulation of the rat
trigeminal ganglion.36 In both studies, 100% oxygen was inhaled and, therefore, high
arterial oxygen levels were achieved. In contrast, CO2 treatment involves noninhaled
intranasal delivery and thus, would not be expected to cause a significant change in arterial
CO2 levels. However, despite the differences in delivery methods, both CO2 and oxygen
treatment have now been shown to inhibit trigeminal nerve activity. It will be of interest to
determine whether CO2 treatment can inhibit protein plasma extravasation following
trigeminal nerve stimulation and whether exposure to 100% CO2 would be effective in
treating cluster headache.

This study demonstrates that CO2 can effectively block KCl as well as capsaicin stimulation
of trigeminal neurons and subsequent CGRP release. This inhibitory effect likely involves
inhibition of calcium channels, since CO2 treatment was shown to block the typical
physiological increase in intracellular calcium. The cellular effects of KCl and capsaicin
have previously been shown to be mediated by activation of calcium channels.37–40

Interestingly, high voltage-activated calcium channels, particularly the L- and N-type, are
highly sensitive to protons and may be the specific targets for internal pH shifts, whereas
low-threshold calcium currents are insensitive to both acidic and alkaline shifts.41 In our
study, we found that CO2 treatment produced a reduction in intracellular pH when
extracellular pH was held constant at 7.4 with an isohydric medium. It is well documented
that lowered intracellular pH exerts inhibitory effects on voltage gated channels in neuronal
cells.42–46 Importantly, intracellular acidosis has been demonstrated to specifically inhibit
calcium channels in hippocampal neurons41 and Purkinje cells.47 Thus, modulation of
channel activity by changes associated with intracellular acidosis may be a normal
regulatory mechanism of neuronal activity. Based on these findings, it is likely that the
decrease in intracellular pH observed in our study in response to CO2 under isohydric
conditions was involved in blocking calcium channels and hence, stimulated CGRP
secretion.

In addition to repressing CGRP secretion in response to chemical depolarization and
capsaicin, CO2 treatment effectively repressed CGRP release from trigeminal neurons
stimulated by NO. The stimulatory effect of NO is in agreement with results from a recently
published study that showed NO treatment increased both the synthesis and release of CGRP
from cultured trigeminal neurons.21 Our finding that CO2 can inhibit NO stimulation of
CGRP secretion may have important therapeutic implications since increased NO
production is thought to play an important role in diseases involving trigeminal nerve
activation as reported in migraine headache,48,49 allergic rhinitis,50 and TMJ
inflammation.51 While CO2 repression of KCl and capsaicin stimulation likely involves
blockage of high voltage-activated calcium channels, its inhibitory effect on NO is likely to
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occur by a different mechanism. Recent studies have provided evidence that the effects of
NO on trigeminal neurons are mediated via activation of T-type calcium channels.21,52

These ion channels, also known as low voltage-activated channels,53 have been reported to
be expressed by nociceptive neurons.54 Furthermore, the activity of T-type channels has not
been reported to be decreased by protons as are the high voltage-activated calcium channels.
Thus, it appears that CO2 inhibits neuronal activation by multiple mechanisms involving
modulation of the activity of different and distinct calcium channels.

Our data demonstrate that CO2 repression of stimulated CGRP release from trigeminal
neurons correlates with inhibition of elevated intracellular calcium levels in response to KCl
and capsaicin. Interestingly, previous studies have shown that repression of stimulated
CGRP secretion by currently used antimigraine drugs such as sumatriptan and zolmatriptan
also involves modulation of intracellular calcium levels.28,29,55 However, the cellular events
involved in repressing CGRP release may be achieved via distinctly different mechanisms.
While treatment with CO2 prevents KCl- and capsaicin-mediated increases in calcium
without significantly altering basal calcium levels, treatment with sumatriptan caused a
sustained elevation of intracellular calcium.28,29 The mechanism was shown to involve
activation of 5-HT1 receptors and induction of specific phosphatases, changing the
phosphorylation state of the cell. It is reported that hyperphosphorylation is associated with
increased neuropeptide release, while hypophosphorylation is associated with decreased
release.56 Although not investigated in this study, it is probable that the inhibitory effect of
CO2 will involve recruitment of cytosolic phosphatases, in addition to decreasing
intracellular pH and inhibiting calcium channel activity. In support of this notion, others
have reported increased phosphatase activity at acidic intracellular pH.56,57

A goal of this study was to understand at the cellular level the physiological effects of CO2
administration reported by patients. These effects include relief of migraine headache and
allergic rhinitis and an initial transient burning, stinging sensation within the nose. We
speculated that the initial unpleasant events experienced by some individuals during CO2
treatment were caused by a reduction in extracellular pH within the nasal mucosa and
subsequent proton activation of trigeminal nociceptive neurons. Toward this end, we found
that at an extracellular pH < 6.0 trigeminal neurons increased CGRP release to a level
several-fold higher than basal levels at pH 7.4. Similarly, CO2 exposure of cultures resulted
in an acidic shift in pH that caused a significant increase in the amount of CGRP secreted.
Our findings are in agreement with previous studies that reported increased neuronal activity
and CGRP secretion in response to protons.58,59 The ability of protons to cause local tissue
inflammation and pain has been shown to involve decreasing extracellular pH by as much as
2 pH units.60 Importantly, current theories on migraine pathology suggest an important role
of protons in the generation of headache pain.13,61

The effects of protons have been reported to involve activation of TRPV162,63 or acid
sensitive ion channels (ASIC) that leads to depolarization of neurons.64,65 TRPV1 receptors
are predominantly expressed on nociceptive neurons such as C-fiber neurons66 and are
coexpressed on CGRP immunoreactive neurons.18,67 Activation of TRPV1 is implicated in
various painful conditions.68,69 Similarly, at least 2 members of the ASIC family, ASIC2a
and ASIC3, are present in the trigeminal system and are expressed in CGRP containing
trigeminal neurons.70–72 Once activated, these channels cause an increase in intracellular
calcium and thus initiate neuropeptide secretion in response pathological extracellular
acidification.73 Gu and Lee74 suggest that the proton induced transient currents observed in
sensory neurons that are blocked by the nonselective ASIC inhibitor, amiloride, provides
evidence that these currents are mediated by ASIC activation. In contrast, TRPV1 is likely
involved in the sustained current generated in response to protons, since these currents were
attenuated by pretreatment with the selective TRPV1 antagonist, capsazepine. Further
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studies are necessary to determine the exact mechanism by which protons stimulate CGRP
secretion from trigeminal neurons.

In summary, we have shown that CO2 exposure of trigeminal neurons causes a decrease in
extracellular pH that stimulates CGRP release. We speculate that the stimulatory effect of
protons is mediated via activation of TRPV1 or ASICs. Interestingly, we found that CO2
treatment under isohydric conditions significantly repressed the stimulatory effects of KCl,
capsaicin, and NO. This is the first evidence to our knowledge of CO2 repression of
stimulated neuropeptide release from sensory neurons. Based on our results, we propose that
the inhibitory effects of CO2 involve inhibition of calcium ion channels via a decrease in
intracellular pH. An important question to be answered is how can noninhaled intranasal
delivery of 100% CO2 abort migraine and allergic rhinitis attacks. In this study, we
demonstrated that exposure of trigeminal neurons to 100% CO2 can block neuronal
activation and the subsequent release of CGRP, physiological events implicated in migraine
and allergic rhinitis pathology. We propose that intranasal delivery of CO2 can directly
repress activity of trigeminal nerves that provide sensory innervation of the nasal mucosa
and, thus, provide relief of rhinitis symptoms. With respect to migraine, activation of V1
trigeminal nerves is known to be involved in migraine pathology. Interestingly, both the
frontal and sphenoid sinuses are innervated by sensory neurons from the V1 region of the
trigeminal ganglion,75 whose activity would likely be repressed by CO2 treatment. We can
only speculate that CO2 inhibition of V1 neurons in one region of the ganglion may lead to
inhibition of other neurons within that region. In this way, inhibition of nerves that provide
sensory innervation of the sinuses may mediate cellular events that decrease the activity of
nerves that provide sensory innervation of the dura and are involved in migraine. In support
of this notion, intra-ganglion communication or regulation has been reported to occur within
other sensory ganglia, such as the dorsal root ganglion and nodose ganglion, and is thought
to allow for a coordinated response to different stimulatory or inhibitory agents.76–78 In
conclusion, our findings support a mechanism by which intranasal CO2 administration
inhibits trigeminal neuron activity and, thus, may prove useful not only for the treatment of
migraine and allergic rhinitis, but also in the treatment of other diseases involving trigeminal
nerves.
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Abbreviations

BSA bovine serum albumin

CGRP calcitonin gene-related peptide

CO2 carbon dioxide

DMSO dimethyl sulfoxide

HBS HEPES buffered saline

KCl potassium chloride

NO nitric oxide

PBS phosphate buffered saline

SNAP S-nitroso-N-acetylpenicillamine

ASIC acid sensing ion channels
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Fig 1.
Effect of acidic medium on CGRP secretion from trigeminal ganglion neurons. The relative
amount of CGRP secreted in 1 hour from untreated control cultures (CON; pH 7.4) and
cultures treated with acidic HBS medium. The mean basal rate of CGRP release was 86 ± 4
pg/hour/well. The secretion rate for each condition was normalized to the basal rate for each
well. The means and SE from ≥6 independent experiments are shown. #P < .05 when
compared to control; *P < .01 when compared to control.
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Fig 2.
Effect of CO2 on CGRP secretion from cultured trigeminal ganglion neurons in HBS
medium. The relative amounts of CGRP secreted in 1 hour from untreated control cells
(CON, pH 7.4 HBS), cells treated with 60 mM KCl, pH 5.5 HBS, or 100% CO2 exposure. In
addition, the amount of CGRP was determined immediately following CO2 exposure for 5
minutes. The mean basal rate of CGRP release was 98 ± 11 pg/hour/well. The means and SE
from ≥6 independent experiments are shown. #P < .05 when compared to control. *P < .01
when compared to control.
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Fig 3.
Effect of CO2 on CGRP secretion from cultured trigeminal ganglion neurons in isohydric
medium. The relative amounts of CGRP secreted in 1 hour from untreated control cells
(CON, HBS pH 7.4); cells treated with 60 mM KCl or exposed to 100% CO2 for 5 minutes
prior to KCl. Additionally, the relative amount of CGRP secreted under isohydric conditions
(ISO) was determined. The mean basal rate of CGRP release was 94 ± 7 pg/hour/well. The
means and SE from ≥6 independent experiments are shown. *P < .01 when compared to
control.
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Fig 4.
CO2 causes a reduction in intracellular pH. Relative intracellular pH levels in cultured
trigeminal ganglion neurons incubated in isohydric medium at pH 5.5, 6.0, 6.5 that
contained the ionophore, nigericin (A), or in response to 5 minutes CO2 exposure (B).
Levels are the average of all the cells in each well. A representative graph from ≥6
independent experiments is shown. All data are expressed relative to basal levels, which
were made equal to 1.
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Fig 5.
CO2 inhibition of KCl-mediated elevation of intra-cellular calcium levels. Relative
intracellular calcium levels in cultured trigeminal ganglion neurons incubated in isohydric
medium in response to CO2 exposure and stimulated with 60 mM KCl (A), or stimulated
with KCl before and after exposure to compressed air (B). The levels are the average of all
the cells in each well. A representative graph from ≥6 independent experiments is shown.
All data are expressed relative to basal calcium levels, which were made equal to 1.
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Fig 6.
Effect of CO2 on capsaicin and NO stimulation of CGRP release. The relative amounts of
CGRP secreted in 1 hour from trigeminal neurons incubated in isohydric medium from
untreated control cells (CON), or cells treated with 2 μM capsaicin (CAP) or the NO donor
(SNAP, 1 mM) under basal conditions or following CO2 exposure. The mean basal rate of
CGRP release was 104 ± 7 pg/hour/well. The means and SE from ≥6 independent
experiments are shown. *P < .01 when compared to control. #P < .01 when compared to
capsaicin-treated culture. +P < .05 when compared to SNAP-treated culture.
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Fig 7.
CO2 inhibition of capsaicin-mediated elevation of intracellular calcium levels. Relative
intracellular calcium levels in cultured trigeminal ganglion neurons incubated in isohydric in
response to 2 μM capsaicin (A) or following exposure to CO2 (B). The levels are the average
of all the cells in each well. A representative graph from ≥6 independent experiments is
shown. All data are expressed relative to basal calcium levels, which were made equal to 1.
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