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acidosis or bicarbonate.
Conclusion: C. elegans BAG neurons detect molecular CO.,,.

some of the effects of CO, on other physiological systems.
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(Bacl(ground: C. elegans BAG neurons respond to environmental CO,,.
Results: By isolating BAG neurons in culture, we show that they detect CO, independently of intracellular or extracellular

Significance: Cells can directly detect the respiratory gas CO, using dedicated receptors. Similar mechanisms might mediate
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Animals from diverse phyla possess neurons that are activated
by the product of aerobic respiration, CO,. It has long been
thought that such neurons primarily detect the CO, metabolites
protons and bicarbonate. We have determined the chemical
tuning of isolated CO, chemosensory BAG neurons of the nem-
atode Caenorhabditis elegans. We show that BAG neurons are
principally tuned to detect molecular CO,, although they can be
activated by acid stimuli. One component of the BAG transduc-
tion pathway, the receptor-type guanylate cyclase GCY-9, suf-
fices to confer cellular sensitivity to both molecular CO, and
acid, indicating that it is a bifunctional chemoreceptor. We
speculate that in other animals, receptors similarly capable of
detecting molecular CO, might mediate effects of CO, on neural
circuits and behavior.

Carbon dioxide is detected by animals as an environmental
cue that indicates the presence of prey, hosts, or mates and is
also detected as an internal cue that reflects the metabolic state
of the organism (1, 2). In both contexts, the nervous system
mediates responses to increases in CO,. Olfactory and gusta-
tory sensory systems of insects and mammals contain neurons
that are activated by CO, (3-5). Also, neurons of the vertebrate
central nervous system that control respiration are highly sen-
sitive to changes in blood levels of CO, (6 —10). Understanding
the molecular mechanisms of neuronal CO,, chemosensitivity
is therefore a central question in the study of many physiolog-
ical and behavioral processes.

In solution, where it would be sensed by neurons, CO, gen-
erates multiple chemical species. CO, reacts with water to form
carbonic acid, which almost instantly dissociates to produce
protons and bicarbonate ions. The CO, hydration reaction can
occur rapidly in biological systems because of the catalytic
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action of carbonic anhydrase (CAH)? enzymes (11). CO,-sens-
ing neurons, therefore, encounter CO, in equilibrium with the
major products of its hydration: protons and bicarbonate ions.
In many cases, neurons that respond to increases in CO, levels
have been found to respond to one or the other of these CO,
metabolites. For example, CO,-sensitive areas of vertebrate
respiratory centers and the amygdala are highly sensitive to
changes in extracellular pH (12-16). Also, CO,-responsive gus-
tatory and olfactory neurons can be activated by acid or bicar-
bonate, respectively (5, 17, 18). The sensitivity of many different
types of neurons to CO, metabolites is the basis for the hypoth-
esis that the effects of CO, on neural physiology are mediated
by CO, metabolites rather than by CO, itself.

The sensory nervous system of the nematode Caenorhabditis
elegans offers an excellent opportunity for the study of molec-
ular mechanisms used by neurons to detect CO,. C. elegans
possesses a pair of CO,-sensing neurons, the BAG neurons,
which mediate acute avoidance of CO, by adults and attraction
to CO, by Dauer larvae (19-21). To sense CO,, BAG neurons
require a cGMP signaling pathway. The BAG cell-specific
receptor-type guanylate cyclase GCY-9 and heteromeric TAX-
2/TAX-4 cyclic nucleotide-gated ion channels are required
both for cellular responses to CO, and for BAG cell-dependent
behaviors (19, 21-23). The GCY-9 cyclase and CNG channels
likely constitute the core of the molecular machinery that
endows BAG neurons with CO, chemosensitivity; expression
of GCY-9 in sensory neurons that use cGMP signaling is suffi-
cient to mediate calcium responses to CO, stimuli (24).

Although components of a transduction pathway that medi-
ates CO, sensing by BAG neurons have been identified, it was
not known whether BAG neurons are principally tuned to
detect CO,, or CO, metabolites. Unlike many chemosensory
neurons of C. elegans, BAG neurons are completely contained
within the animal and not in contact with the external environ-
ment (25, 26). It is therefore not possible to determine whether
BAG neurons sense CO, or CO, metabolites by simply expos-
ing intact animals to these stimuli. In such an experiment, the
intrinsic tuning properties of the neuron would be convolved

3 The abbreviations used are: CAH, carbonic anhydrase; CaV, voltage-gated
calcium channel.
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TABLE 1
Strain Genotype Strain description

FQ31 nls326[Prom,,, ;5:YC3.60; gcy-33 (0k232); gcy-31 (0k296) Calcium indicator YC3.60 expressed using a BAG-specific promoter
(gcy-33); gey-31 and gey-33 deleted

FQ243 wzls82[Prom,,,, 5:YC3.60 lin-15 (+)]; lin-15AB (n765) YC3.60 expressed using a BAG-specific promoter (gcy-9)

FQ301 Sfxls105[Prom,,, ¢:YC3.60]; wzEx34[Prom,,, ;g:gcy-9] YC3.60 and GCY-9 expressed using AFD-specific promoters (gcy-8 and
gey-18, respectively)

FQ323 wzls96[Prom,,., ;,:YC3.60] YC3.60 expressed using a URX-specific promoter (gcy-32)

FQ340 lin-15AB (n765); wzEx36[Promy,, ,:dsRed lin-15 (+)] dsRed expressed using a BAG-specific promoter (flp-17)

FQ401 wzls115[Prom,,, ;:YC3.60] YC3.60 expressed using a pan-neuronal promoter (rab-3)

FQ439 wzls118[Prom,,, ,g:gcy-9]; fxIs105[Prom,,,, 4:YC3.60] GCY-9 and YC3.60 expressed using AFD-specific promoters (gcy-18
and gcy-8, respectively)

FQ494 wzls131[flp-17:venus] FLP-17 fused to Venus (YFP variant)

FQ518 nls326[Prom,,, ;,::YC3.60]; gcy-9 (tm2816) YC3.60 expressed using a BAG-specific promoter (gcy-33); gey-9 deleted

FQ522 gey-18 (nj37) gey-8 (0y44) gey-23 (ny38); fxls105[Prom,,, ¢:YC3.60f;  YC3.60 and GCY-9 expressed using AFD-specific promoters (gcy-8 and

wzEx34[Prom,,, ;s:gcy-9] gey-18, respectively); gey-18, gey-8 and gey-23 deleted

FQ523 wezls131[flp-17::venus]; gcy-9 (tm2816) FLP-17 fused to Venus (YFP variant); gcy-9 deleted

MT18636 nls326[Prom,,, ;5:YC3.60] YC3.60 expressed using a BAG-specific promoter (gcy-33)

OH441 otls45[Prom,,,. ;,o:GFP] GFP expressed using a pan-neuronal promoter (unc-119)

PX433 SfxIs105[Prom,,, ::YC3.60] YC3.60 expressed using an AFD-specific promoter (gcy-8)

with the relative permeability of the cuticle and hypoderm to
different chemical cues. To identify the specific chemical cue
that activates BAG neurons, we studied isolated BAG neurons
in culture, using methods that allow both monitoring of cell
physiology and control of the extracellular and intracellular
environments.

EXPERIMENTAL PROCEDURES

C. elegans Strains Used—Strains used in this study are listed
in Table 1. Strains were grown on 6-cm NGM agar plates at
20 °C or 25 °C on Escherichia coli OP50. Conditions for cultur-
ing strains used for embryonic cell culture are described below.
Transgenic animals were created using standard procedures
(27). In some cases, extrachromosomal transgenes were inte-
grated using gamma-irradiation (5,000 rads).

Embryonic Cell Culture—Embryonic cell cultures were pre-
pared as previously described (28-30). Briefly, strains were
grown at 15-25 °C on ten 10-cm peptone agar plates seeded
with OP50 E. coli. Eggs from gravid adults were released by
bleaching and isolated on a 30% sucrose gradient (12,000 rpm, 5
min). Eggs were recovered to an NGM agar plate without bac-
teria and allowed to hatch at 20 °C overnight. Hatched L1 larvae
were collected in double distilled H,O, spun down (1,000 rpm,
3 min), and washed again before plating onto 10-cm peptone
agar plates seeded with OP50 E. coli. Synchronized worms were
grown until gravid, and then eggs were isolated as described
above for the preparation of dissociated embryonic cells. For
dissociation, eggs were resuspended in 500 ul of chitinase solu-
tion (1 unit/ml; Sigma) and gently rocked for ~30 min at room
temperature until ~80% of eggshells were digested, which was
monitored by examining aliquots of the suspension using an
Axioskop 2 microscope (Zeiss). 800 ul of culture medium was
added to inactivate the chitinase, and cells were pelleted at
3,500 rpm for 3 min at 4 °C; culture medium consisted of: Lei-
bowitz’s L-15 medium (Invitrogen) containing 10% fetal bovine
serum, 100 units/ml penicillin, and 100 pg/ml streptomycin
(HyClone) and adjusted to an osmolality of 340 = 5 mOsm
using sucrose. After resuspension in culture medium, eggs were
titurated using a 1-ml syringe and a 27-gauge needle until =75%
of the suspension consisted of single cells. Disruption of
embryos was monitored using an upright microscope. Cells
were subsequently pelleted and resuspended in 500 ul of cul-
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ture medium, and the suspension was then pushed through a
5-um Durapore filter (Millipore) to remove larvae and cell
clumps as follows. After filtration, cells were pelletted, resus-
pended, and seeded at a density of 250,000 cells/dish on glass-
bottomed dishes (MatTek) that had been acid washed and
coated with peanut lectin (0.5 mg/ml, Sigma). Cultures were
maintained in a humidified incubator at 25 °C.

In Vitro Calcium Imaging—Prior to imaging, cells were
rinsed with control solution: 145 mm NaCl, 5 mm KCl, 2 mm
CaCl,, 1 mm MgCl,, 10 mm HEPES, and 10 mm glucose,
adjusted to pH 7.2 with NaOH and 340 = 5 mOsm using
sucrose. Cells were illuminated with 435-nm excitation light
and imaged using a 40X Nikon long working distance objective
(0.75 numerical aperture). CFP and YFP emissions were passed
through a DV2 image splitter (Photometrics), and the CFP and
YFP emission images were projected onto two halves of a
cooled CCD camera (Andor). Images were acquired at 10 Hz
with an exposure time of 50 ms. Excitation light, image acqui-
sition, and hardware control were performed by the Live Acqui-
sition software package (Till Photonics). Stimuli were delivered
using a multichannel perfusion pencil (AutoMate Scientific).
During imaging, cells were continuously superfused with con-
trol solution (unless stated otherwise) that was administered
from a fixed distance. The standard stimulus length was 5s. The
standard stimulus used to test for CO, sensitivity of cultured
cells was produced by continuously bubbling 10% CO,, (Airgas)
into a solution containing 112 NaCl, 33 mm NaHCO;, 5 mm
KCl, 2 mm CaCl,, 1 mm MgCl,, and 10 mm glucose, pH 7.2, and
adjusted to 340 = 5 mOsm using sucrose. In experiments con-
ducted to determine the percentage of neurons that responded
to a given stimulus, a KCI solution (100 mu, substituted with
NaCl from control solution) was administered at the end of
each experiment to evaluate cell viability. Cells that failed to
produce a response to KCl were not included in further analy-
sis. 100 mm KCl was used because previous work demonstrated
that cultured C. elegans neurons that fail to respond to 40 or 60
mwm KCl are frequently depolarized by 100 mm KCl (31).

In Vivo Calcium Imaging—Calcium imaging was conducted
as described previously (21, 24). Adult worms were immobi-
lized with cyanoacrylate veterinary glue (Surgi-Lock; Meridian
Animal Health) on a 2% agarose pad made with 10 mm HEPES,
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pH 7.2, which filled the 10-mm glass well of a 35-mm glass-
bottomed dish (MatTek). The worm was subsequently sub-
merged in control solution (see in vitro calcium imaging), and a
10% CO.,, or heat stimulus was delivered using a perfusion pen-
cil. One perfusion line was heated by a custom-built thermo-
electric heating block. The heated line was used to administer a
10-s heat ramp that spanned 25.5-28.5 °C. The thermal stimu-
lus was calibrated using a micro-thermocouple (Omega).

The mean pixel value of a background region of interest was
subtracted from the mean pixel value of a region of interest
encompassing the cell body, for both in vitro and in vivo exper-
iments. A correction factor, which we measured in images of
samples that express only CFP, was applied to the YFP channel
to compensate for bleed through of CFP emissions into the YFP
channel (YFP, 4 5eq = YFP — 0.86 X CEFP). YFP to CFP ratios
were normalized to the average value of the first 10 frames (1 s),
and a boxcar filter of three frames (0.3 s) was applied to the time
series using Igor (Wavemetrics). To determine whether a cell
responded to CO, or acid, a threshold was used whereby the
average amplitude at 10 -20 s had to be greater than the average
base-line amplitude (0—10 s) + two standard deviations. Peak
amplitudes were measured by subtracting the average base-line
value for the 10 s prior to stimulus administration from the peak
response amplitude. Post-acquisition analysis of ratio plots was
performed using Prism 5 (GraphPad Software Inc.).

Measurement of Intracellular pH—Intracellular pH (pH,)
was determined by loading cells with the acetoxymethylester
form of the pH-sensitive fluorophore 2',7'-bis-(2-carboxy-
ethyl)-5-(and-6)-carboxyfluorescein (BCECF) (2 uM, 20 min,
25 °C, Invitrogen). BCECF has a pK, of 6.97 and is thus ideal for
measuring changes in intracellular pH, previous studies having
demonstrated CO,-evoked intracellular acidification (32, 33).
Emissions generated at 535 nm in response to excitation at 440
and 490 nm were collected (0.25 Hz), and the ratio,q,440 Was
plotted. The ratio,q0,440 Was converted to pH, values following
construction of a calibration curve using 100 mm KCl solutions,
containing 10 um of the K*-H™ exchanger nigericin, buffered
with HEPES across the pH range 6.0 — 8.0. After 2 min of equil-
ibration at pH 7.0, cells were exposed to 30 s of each solution
across the pH range; emission at 535 nm was collected at 0.3 Hz.
For each cell, the last three measurements for each solution
were averaged to produce a ratio,gg,44, value for each cell at
each pH. The values from cells were averaged, and a linear
regression was performed to transform ratio,q,.4ovalues into
pH, values.

Measurement of FLP-17::Venus Destaining—Embryonic cul-
tures were made from worms expressing the neuropeptide
FLP-17 in BAG neurons under the fIp-17 promoter. Regions of
interest were neurites containing puncta of FLP-17:Venus fluo-
rescence; cell bodies were excluded from our analysis. Venus
emissions generated by excitation at 515 nm were acquired at
10 Hz with an exposure time of 50 ms. The mean pixel value of
a background region of interest was subtracted from the mean
pixel value of a region of interest encompassing the neurite of
the cell of interest. YFP values were normalized to the average
value of the first 10 frames (1 s), and a boxcar filter of three
frames (0.3 s) was applied to the time series using Igor (Wavem-
etrics). Individual traces were corrected for base-line drift using
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simple exponential curve fits to prestimulus fluorescence mea-
surements. To classify a cell as responding to a stimulus, the
average fluorescence value at 20 —25 s had to be greater than the
initial 0—10 s fluorescence value + 2 standard deviations; cells
not meeting this criterion in response to KCI were excluded
from analysis, and those meeting these criteria for CO, were
classified as responders.

Solutions and Drugs—In addition to solutions described
above, the following solutions were used. Solutions of varying
pH were applied by altering the pH of the control solution using
NaOH. In CO, dose-response curve experiments, NaCl was
substituted with NaHCOj; to obtain pH 7.2 for a given percent-
age of CO, bubbled through the solution: 2%, 5.75 mm; 1%, 2.5
my; 0.5%, 1.7 mm; 0.2%, 1 mm; 0.1%, 0.4 mm; and 0.05%, 0.275
mM. A different percentage of CO, was produced by mixing 2%
CO,, with atmospheric air using adjustable flow meters (Cole
Palmer). Continuous bubbling of solutions with a known per-
centage of CO, allowed us to calculate the molar concentration
of CO, assuming: a temperature of 25 °C and thus a Py;,0 of
23.68 mm Hg, a barometric pressure of 760 mm Hg, saturation
of a solution with the percentage of gas being bubbled, and a
CO, solubility of 0.031 mm/mm Hg. Thus [CO,] for a solution
bubbled with 10% CO.,: (760-23) X 10% X 0.031 = 2.283 mm.

To alter the ratio of CO, to protons/bicarbonate in solution,
0.7 mm NaHCO, was added to solutions buffered to pH 7.2 and
7.9, which, assuming a pK, of 6.35 for H,CO,, would result in 90
and 20 uMm CO,, respectively. A further solution containing 3.25
mM NaHCO; at pH 7.9 was also used, which like the pH 7.2
solution containing 0.7 mm NaHCOj, contains 90 um CO,,.

The following reagents, all from Fisher Scientific unless
otherwise stated, were also used: acetazolamide (Sigma),
allyl isothiocyanate (Acros Organics), CdCl, (Acros Organ-
ics), H,S (RICCA Chemical), hexamethylene-diisocyanate (Acros
Organics), methazolamide, nemadipine-A (Santa Cruz), puni-
calagin (Sigma), CS,, DETA/NO (Sigma), thapsigargin (Sigma),
and tricarbonyldichlororuthenium(Il) dimer (Sigma).

Microscopy—Fluorescence and differential interference con-
trast micrographs were acquired either with a wide field
inverted fluorescence microscope (Nikon) or an LSM510 laser-
scanning confocal microscope (Zeiss). Images were processed
using Image].

Statistics—Statistical tests were performed used GraphPad
Prism. Statistical comparisons were made using a paired ¢ test
or unpaired ¢ test, apart from the dose-response curve in Fig.
2C, which was fitted with a variable slope model.

RESULTS

CO,-responsive BAG neurons are located in the head and
extend ciliated processes toward the nose (Fig. 14). These pro-
cesses are not in contact with the external environment (25, 26).
We observed that the receptor-type guanylate cyclase GCY-9,
which is an essential component of the sensory transduction
apparatus in BAG neurons and is likely to function as part of a
receptor complex (24), is enriched in the terminus of the BAG
cell neurite (Fig. 1, Band C). The CO, transduction apparatus of
BAG neurons is therefore in a cellular compartment that is not
in direct contact with the external environment and is experi-
mentally inaccessible. To determine the chemical tuning of
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FIGURE 1. CO,-responsive BAG neurons of C. elegans in situ and in cul-
ture. A, BAG-neuron-specific expression of the Prom,, ;5::YC3.60 calcium
sensor transgene in an adult C. elegans hermaphrodqite. B, in situ expres-
sion of the receptor-type guanylate cyclase GCY-9 tagged with dsRed (red
channel) overlaid on a differential interference contrastimage of the head
(gray channel). GCY-9 is enriched in a compartment in the nose, where the
sensory neurite ends (arrow). Arrowhead, BAG neuron nucleus. C, subcel-
lular localization of GCY-9::dsRed (red channel) in a BAG neuron expressing
soluble GFP (green channel). D and E, expression of Promg, ;5:YC3.60 in
embryonic BAG neurons in situ (D) and in vitro (E) following dissociation.
Scale bars, 10 um. F, frequency of reporter transgene expression by neu-
rons isolated from strains containing markers for sensory neuron popula-
tions. G, morphometric analysis of cultured neurons that express different
neuronal markers. The number of cells analyzed is indicated in parenthe-
ses. *, p < 0.05; **, p < 0.01 compared with unc-119.
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BAG neurons, we therefore sought to isolate BAG neurons and
study their sensitivity to CO, and other stimuli in vitro.

We cultured cells from C. elegans embryos expressing the
ratiometric calcium indicator YC3.60 in BAG neurons (Fig. 1,
A, adults, and D, late stage embryos) and could readily find
YC3.60-expressing neurons in culture (Fig. 1E). Approximately
1% of adherent cells were BAG neurons, and we observed a
similar frequency for other sensory neurons when cultures
were prepared from different transgenic strains (Fig. 1F).
Although BAG neurons in situ are bipolar (Fig. 14), not all BAG
neurons extended two processes in vitro; they did, however,
extend neurites more frequently than did unidentified neurons
(Fig. 1G).

Isolated BAG neurons responded to a brief depolarizing
stimulus (100 mMm KCl) as shown by BAG cell calcium responses
(Fig. 24). We next stimulated BAG neurons with 33 mm
NaHCO; in equilibrium with 10% atmospheric CO,, pH 7.2, to
determine whether they functioned in vitro as sensors for CO,
or its metabolites. A majority of cells (69%) responded to this
stimulus and displayed large calcium responses (Fig. 2B). The
chemosensitivity of cultured BAG neurons was similar to the
sensitivity of BAG neurons in situ, which we previously mea-
sured: the EC,, of CO, for activation of isolated BAG neurons
was 0.4% CO,, (Fig. 2C), compared with 0.9% CO,, for activation
of BAG neurons in situ (21). BAG neuron CO, chemosensitiv-
ity is therefore cell intrinsic and does not require interactions
with other cells.

We next tested whether intrinsic CO, sensitivity is specific to
BAG neurons. Others have reported CO,-evoked calcium
responses in thermosensory AFD neurons (23). In vitro, how-
ever, AFD neurons did not respond to CO,, although they did
respond to depolarization (Fig. 2D). Similarly, neither oxygen-
sensing URX neurons (Fig. 2E) nor unidentified neurons dis-
played robust CO, responses in vitro (Fig. 2F). Intrinsic CO,
chemosensitivity is therefore specific to BAG neurons. We
stimulated BAG neurons with a panel of compounds that either
are chemically similar to CO,, activate CO,-responsive neu-
rons of other organisms, or are gases with known roles in phys-
iological signaling. None of these compounds activated BAG
neurons, suggesting that BAG neurons are narrowly tuned to
detect CO, or its metabolites (Fig. 2G).

Isolated BAG neurons, like BAG neurons in situ (21),
required GCY-9 and TAX channels to respond to CO,, stimuli
(Fig. 3, A-C). By contrast, the GCY-31/GCY-33-soluble guany-
late cyclase, which was proposed to function in CO, sensing by
BAG neurons (23), was not required for CO,, responses of iso-
lated BAG neurons (Fig. 3, D-F). We observed that BAG neu-
ron calcium responses were reversibly blocked by the nonselec-
tive voltage-gated calcium channel (CaV) blocker CdCl, (Fig. 3,
G and H), and a similar effect was observed with nemadipine-A,
which targets the sole L-type CaV expressed by C. elegans,
EGL-19 (34, 35) (Fig. 3, I and J). These data demonstrate a crit-
ical role for L-type CaVs in CO, sensing by BAG neurons. Dis-
rupting intracellular calcium stores by blocking the SERCA cal-
cium pump with thapsigargin did not significantly affect BAG
neuron function (Fig. 3, K and L), suggesting that release of
calcium from intracellular stores plays little or no role in acti-
vation of BAG neurons by CO.,.
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FIGURE 2.Isolated BAG neurons display CO, chemosensitivity. A, calcium responses of cultured BAG neurons to depolarization (n = 68). B, calcium response
of cultured BAG neurons to 10% CO, in equilibrium with 33 mm bicarbonate pH 7.2 (n = 47). C, dose-response curve of BAG neuron responses to different CO,
solutions brought to pH 7.2 with bicarbonate. EC5, = 0.42%. D-F, calcium responses of cultured AFD (n = 47), URX (n = 44), and unidentified (n = 144) neurons.
G, BAG neurons are not activated either by signaling gases (30 um CO, 4.5 um NO, and 50 um H,S) or by compounds known to activate CO,-responsive neurons

of other species (10 um CS,, 5 um HDI, and 20 um AITC) (n = 6).

We next sought to assay activation of BAG neurons using a
method that was independent of calcium imaging. BAG neu-
rons express a number of neuropeptides, including FLP-17,
which modulates activity of the egg laying system (36). We
tested whether a FLP-17::Venus fusion would allow us to mea-
sure evoked exocytosis of neuropeptides from BAG neurons in
response to CO, stimuli. In adults, FLP-17::Venus was in the
cell soma and puncta in the posterior neurite (Fig. 4A4). In cul-
tured BAG neurons FLP-17::Venus was similarly distributed
(Fig. 4B). Both depolarization and CO, stimuli evoked a step-
wise decrease in FLP-17::Venus fluorescence in the neurites of
cultured BAG neurons (Fig. 4C). We noted that the average
destaining response of BAG neurons to CO, stimuli was less
than the destaining caused by depolarization (Fig. 4C) and
found that this was because some BAG neurons that released
peptide in response to KCl failed to release peptide in response
to CO,. When we analyzed the destaining of neurons that
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responded to both KCl and CO, (55% of the neurons tested), we
found that the destaining responses to these two stimuli were of
comparable magnitude (Fig. 4D). CO,-evoked peptide release
required the CO, transduction pathway: gcy-9 mutant BAG
neurons displayed KCl-induced destaining, but did not respond
to CO, (Fig. 4, E and F).

By multiple criteria, therefore, isolated BAG neurons in vitro
retain their function as CO, chemosensors. We therefore pro-
ceeded to use BAG neurons in culture to determine whether
they are principally tuned to CO, itself or the products of CO,
hydration: protons and bicarbonate ions. We first tested
whether BAG neurons are proton sensors by exposing them to
sequential CO, (10%) and pH 6.5 acid stimuli. A majority of
cells responded robustly to CO,, but not to acid (24 of 36).
However, some BAG neurons (12 of 36) responded to both
stimuli (Fig. 5, A and B). The magnitude of the calcium
responses increased with increasing proton concentrations
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over a range of pH 7 to pH 6 with half-maximal responses
observed at pH 6.7 (Fig. 5C). Like CO, sensitivity, BAG neuron
acid sensitivity required the receptor-type guanylate cyclase
GCY-9 (Fig. 5D). Unidentified neurons in culture failed to
respond to acid (data not shown), indicating that acid sensitiv-
ity is not widespread among C. elegans neurons. Thermosen-
sory AFD neurons were also insensitive to acid (Fig. 5E), but
expression of GCY-9 conferred acid sensitivity to a fraction of
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AFD neurons (Fig. 5, F and G). Together, these data indicate
that acid sensing and CO, sensing by BAG neurons are medi-
ated by a common transduction pathway.

Although BAG neurons can be activated by acid, it remained
unclear whether the acid sensitivity of BAG neurons is the
mechanism by which they detect CO,. If BAG neurons detect
CO, via acid, how is it that CO, better activates these cells? One
possibility is that BAG neurons might respond to changes in
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FIGURE 4. Isolated BAG neurons release neuropeptides in response to
CO, stimuli. A, in situ localization of FLP-17 neuropeptides tagged with
Venus. White arrows indicate puncta in the presynaptic neurite of the BAG
neuron. B, FLP-17::Venus expression in isolated BAG neurons was observed as
puncta in neurites (inset). C, release of FLP-17::Venus from neurites of cultured
BAG neuron in response to KCl-induced depolarization and 10% CO, (n = 20).
Average of all cells tested, including CO,-insensitive cells. D, average
responses of CO,-responsive cells. E, release of FLP-17::Venus from isolated
gcy-9 mutant BAG neurons in response to depolarization and 10% CO, (n =
21). F, summary of peptide release by wild-type and gcy-9 mutant BAG neu-
rons in response to depolarization and CO,. Scale bars indicate 5 um. *, p <
0.05; **, p < 0.01.

intracellular pH. Although CO, might readily permeate cell
membranes to generate protons intracellularly, protons gener-
ally require transport mechanisms to cross cell membranes.
This model demands that CO, stimuli change intracellular pH.
We measured the intracellular pH of BAG neurons during pres-
entation of acid and CO, stimuli and found that although the
intracellular pH of BAG neurons rapidly responded to extracel-
lular acid, 10% CO, did not affect intracellular pH (Fig. 5, H and
I). The activation of BAG neurons by CO.,, therefore, can occur
independently of either extracellular or intracellular acidosis.
If BAG neurons sense CO, in an acid-independent manner,
alkaline solutions containing CO, should also activate BAG
neurons. We tested CO, solutions at different pH to determine
whether this was the case. A fixed amount of bicarbonate in
solution at pH 7.2 generates 4.5-fold more CO,, that it does at
pH 7.9 (Fig. 64, inset). A pH 7.2 bicarbonate solution predicted
to contain the EC,, for CO, (90 um) evoked large calcium
responses from BAG neurons in culture, whereas the same
solution at pH 7.9 (20 um CO,) did not (Fig. 6A). Increasing the
bicarbonate concentration at pH 7.9 so as to generate 90 um
CO,, we observed calcium responses indistinguishable from
those evoked by a 90 um CO, stimulus at pH 7.2 (Fig. 64).
Importantly, weak alkalinization (pH 7.2 versus 7.9) did not
inhibit BAG neuron sensitivity to KCl-evoked depolarization;
by contrast, depolarization-induced calcium responses were
increased by mild alkaline conditions (Fig. 6, B and C). Thus
BAG neuron responses to CO, solutions are proportionate to
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the concentration of molecular CO, and are unaffected by
increased pH. Furthermore, these experiments indicate that
BAG neurons are not activated by bicarbonate, which has been
proposed to mediate some cellular responses to CO, (17, 18,
37). To further confirm that BAG neurons sense molecular
CO,, we determined whether CAH is required for CO, sensing.
Some CO,-responsive neurons require CAH, which catalyzes
the hydration of CO,, suggesting that these neurons are tuned
to detect either protons or bicarbonate, not CO, itself (5, 17).
Inhibiting CAH using two chemically distinct inhibitors of car-
bonic anhydrase, methazolamide (Fig. 6, D and E) and punicali-
gin (Fig. 6, Fand G), did not affect BAG neuron CO,, responses,
further suggesting that BAG neurons directly detect molecular
CO,.

Previously, we showed that CNG channels and the receptor-
type guanylate cyclase GCY-9 constitute the core of the CO,
sensory transduction apparatus in BAG neurons (24). Expres-
sion of GCY-9 is instructive for CO, sensitivity and confers
upon AFD neurons CO, sensitivity that is independent of their
ability to detect temperature stimuli (Fig. 7, A—D). To deter-
mine whether GCY-9 itself mediates detection of molecular
CO,, we stimulated transgenic AFD neurons that express
GCY-9 with bicarbonate solutions at neutral or alkaline pH.
GCY-9-expressing AFD neurons, like BAG neurons, displayed
calcium responses proportional to the concentration of CO,
(Fig. 7E). These data support a model in which GCY-9 functions
as a receptor for molecular CO, and show that GCY-9 detects
CO, independently of acid (Fig. 7F).

DISCUSSION

The remarkable tuning of C. elegans BAG neurons to molec-
ular CO, distinguishes them from previously characterized
CO, chemoreceptor neurons. CO,-responsive neurons have
long been thought to principally detect either protons or bicar-
bonate produced by the hydration of CO, (1, 2, 8). For example,
in the vertebrate central nervous system, CO,-responsive neu-
rons of the amygdala and respiratory centers display acid sen-
sitivity, which in the case of amygdala neurons has been attrib-
uted to expression of the acid-sensing ion channel ASIC1a (16).
Vertebrate gustatory neurons that are activated by CO, are also
thought to do so via protons generated by CO, hydration.
These neurons constitute a subset of acid-sensitive taste neu-
rons and require an extracellular CAH for CO, sensing (5).
Likewise, a subset of mammalian olfactory sensory neurons also
responds to CO, in a CAH-dependent manner. These neurons,
unlike CO,-responsive gustatory neurons, are proposed to
principally detect bicarbonate (17, 18). Interestingly, CO,-re-
sponsive neurons of the vertebrate olfactory system express an
isozyme of receptor-type guanylate cyclase D (GC-D), which
might function as a receptor for bicarbonate (18, 38). That ver-
tebrate GC-D neurons and C. elegans BAG neurons both use
receptor-type guanylate cyclases that likely function as chemo-
receptors might reflect divergence of an ancient mechanism for
CO, sensing based on cyclic nucleotide signaling.

There are instances of CO, chemosensitivity that suggest
that other chemotransduction systems might, like the GCY-9
system, detect molecular CO,. CO,-responsive neurons have
been found in sensilla of the insect gustatory and olfactory sys-
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= 29). E, wild-type AFD neurons were acid-insensitive (n = 14). F and G, GCY-9 expression conferred both CO, and acid sensitivity (n = 12). H,

intracellular pH measured using the pH indicator dye BCECF showed that acidic solutions cause intracellular acidosis, but CO, stimuli do not (n = 6). /, peak

changes summarized.

tems. These sensilla are activated by CO,, not acid (3, 4), con-
sistent with the hypothesis that their associated chemoreceptor
neurons are tuned to detect molecular CO,. However, the neu-
rons within these sensilla have only been studied in situ where it
is not possible to control their extracellular environment. It is
possible that the insensitivity of the chemosensory neurons in
these sensilla to external acid results from a permeability bar-
rier that prevents acid or bicarbonate from diffusing into the
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sensilla. If these neurons are tuned to detect molecular CO,,
they will likely use receptor signaling mechanisms different
from those used by C. elegans BAG neurons. Insect chemore-
ceptors are members of an insect-specific family of multipass
transmembrane proteins. It is likely that the insect gustatory
receptor that mediates CO, sensitivity is a member of this fam-
ily, and the receptor molecule that mediates olfactory detection
of CO, has already been identified as such (39). In the verte-
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brate brain there is evidence suggesting that molecular CO,
activates the connexin hemichannel Cx26 (40), which is
expressed by astrocytes in areas of the medulla that respond to
hypercapnia. ATP released at the ventral surface of the medulla
in response to hypercapnia, as well as the changes in ventilation
rate, are both diminished by inhibiting connexins (41). The
effects of Cx26 mutation on the respiratory motor program
remain to be determined, however, and iz vivo genetic manip-
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ulations are needed to confirm a role for Cx26 as a CO, sensor
in the rodent nervous system.

Although BAG neurons are robustly activated by molecular
CO,, we found that they can also be activated by acid. The
receptor-type guanylate cyclase GCY-9 mediates sensitivity to
both acid and molecular CO,, and our data suggest that GCY-9
is activated independently by either stimulus. Sensitivity of a
receptor to multiple stimuli, including protons, has been

JOURNAL OF BIOLOGICAL CHEMISTRY 37079



Chemical Tuning of C. elegans BAG Neurons

AFD neurons
2.0 expressing gcy-9

o o
. By ——L—
14 14
1.0
1.0 28C

28°C
25°C—/ 25c

A 20 wild-type AFD neurons B

1 1-5i| 3 1‘5] A
14 &
4 1.0 D s S . 1.0 i
“co, O,
0 10 20 30 40 0 10 20 30 40
time (s) time (s)
C g
gey-18 gey-8 gey-23 <104
AFD neurons 2
expressing gcy-9 § 0.5
o 1.5 I
& ] g 2
1.0 N § WT  +gcy-9 +gcy-9
28°C - gey-
25c R gcy-8/18/23
%
2 1.5 3 05
x S
1.0 J g
co, 3
—_——— 5« 0 —_
0 10 tiri?a (S?O 40 O WT +gcy-9  +gcy-9
- gecy-8/18/23
E 2.5 AFD neurons + GCY-9
n\:o 2.0
x 15 A
1.0 //,..J_ | T L e
2300 uM CO, 90 uM CO, 20 uM CG, 90 uM CO, 7 UM CO,
16200 yM HCO; 610 uM HCO3 680 pM HCO3; 3160 pM HCO3  250uM HCO;
pH7.2 pH7.2 pH7.9 pH 7.9 pH 7.9
F
co, W
Caz+
CH depolarization
GCY-9 TAX-2/4 EGL-19

guanylate cyclase CNG channel L-type Ca2*channel

FIGURE 7. The receptor-type guanylate cyclase GCY-9 mediates detection
of molecular CO,. A-C, in vivo calcium responses to CO, and thermal stimuli
of wild-type AFD neurons (A), transgenic AFD neurons expressing GCY-9 (B),
and transgenic AFD neurons mutant for three guanylate cyclases required for
thermosensation and expressing GCY-9 (C). D, summary of peak amplitude
responses to heat (upper panel) and CO, (lower panel). Neuronal responses
were recorded in situ. CO, stimuli were 10% CO,. Heat ramps were from 25 to
28 °C. n = 12 for each trace. E, in vitro responses of transgenic AFD neurons
expressing GCY-9 to bicarbonate solutions as in Fig. 6A. F, a model of the
transduction pathway by which BAG neurons detect CO,. CO, and protons
each activate GCY-9 to activate TAX-2/TAX-4 cGMP-gated channels, although
the chemotransduction apparatus is more sensitive to CO,. Transduction cur-
rents are then amplified by activation of the L-type CaV EGL-19.

described in other contexts, such as the cation channel TRPV1
in mammalian sensory neurons (42). Indeed, the acid sensitivity
of areceptor signaling system that mediates CO, sensing might
match cellular responses to CO, to the internal state of an orga-
nism. Acidosis is a hallmark of metabolic stress, during which
pH homeostasis might be especially sensitive to perturbations
caused by increased environmental CO,. The intrinsic acid sen-
sitivity of BAG neurons might, for example, mediate enhanced
CO, avoidance behavior during periods of such stress. Another
mechanism by which CO, sensing might be regulated by the
metabolic state of the animal is a functional connection
between neurons that monitor internal oxygen concentration
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and the BAG neurons. CO, avoidance behavior is modulated by
hypoxia (22), and oxygen-sensing neurons functionally inhibit
the CO, avoidance behavior that is driven by BAG neurons
(43).

Why are there so many distinct mechanisms for detecting
CO,, not only with respect to cellular receptors, but also in
terms of the chemical cue detected? Neurons tuned to detect
molecular CO, might play fundamentally different roles in ani-
mal physiology from cells that respond to CO, metabolites. The
principal products of CO, metabolism, protons and bicarbon-
ate, are substrates for a large number of redundant cellular sys-
tems that buffer and transport these ions. Only when the capac-
ity of these buffers and transporters is exceeded will cells and
tissues experience changes in pH or bicarbonate concentration.
Neurons that detect protons and bicarbonate might therefore
be considered tuned to the failure of pH and bicarbonate home-
ostasis and might mediate responses to these physiological
stresses. By contrast, neurons that directly detect molecular
CO, would be able to detect changes in environmental or inter-
nal CO, levels that would fail to significantly alter pH or bicar-
bonate levels. Mechanisms that detect molecular CO, might
therefore permit neural circuits that control host-finding
behaviors and the respiratory motor program to detect low
concentrations of CO, that would otherwise be heavily buff-
ered. In the context of respiratory control, such a mechanism
would allow the respiratory motor program to respond to
increased CO, levels in the absence of acidosis. Indeed, some
CO,-sensititive neurons implicated in respiratory control have
been shown to respond to pH-neutral CO, stimuli (13), sug-
gesting that such a mechanism exists in vertebrates. It is an
intriguing possibility that these neurons express a receptor for
molecular CO, that is analogous or homologous to GCY-9 and
functions in central circuits to control respiratory rhythms.
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