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Carbon dioxide (CO2 ) inhalation lowers brain pH and induces anxiety, fear, and panic responses in humans. In mice, CO2 produces
freezing and avoidance behavior that has been suggested to depend on the amygdala. However, a recent study in humans with bilateral
amygdala lesions revealed that CO2 can trigger fear and panic even in the absence of amygdalae, suggesting the importance of extra-
amygdalar brain structures. Because the bed nucleus of the stria terminalis (BNST) contributes to fear- and anxiety-related behaviors and
expresses acid-sensing ion channel-1A (ASIC1A), we hypothesized that the BNST plays an important role in CO2-evoked fear-related
behaviors in mice. We found that BNST lesions decreased both CO2-evoked freezing and CO2-conditioned place avoidance. In addition,
we found that CO2 inhalation caused BNST acidosis and that acidosis was sufficient to depolarize BNST neurons and induce freezing
behavior; both responses depended on ASIC1A. Finally, disrupting Asic1a specifically in the BNST reduced CO2-evoked freezing, whereas
virus-vector-mediated expression of ASIC1A in the BNST of Asic1a�/� and Asic1a�/� mice increased CO2-evoked freezing. Together,
these findings identify the BNST as an extra-amygdalar fear circuit structure important in CO2-evoked fear-related behavior.

Key words: anxiety; ASIC1A; bed nucleus of the stria terminalis; CO2; panic; pH

Introduction
Carbon dioxide (CO2) inhalation causes anxiety, fear, and panic
in humans, and these responses are heightened in patients with
panic disorder (Esquivel et al., 2008). CO2 concentrations from
5% to 35% have been used to demonstrate CO2 sensitivity in
panic disorder (Rassovsky and Kushner, 2003). Thus, CO2 pro-
vides a valuable experimental tool with which to provoke and
study panic. A better understanding of the neuroanatomical and
molecular basis of CO2 responses may provide critical insight
into the mechanisms underlying panic.

The neuroanatomy underlying CO2-defensive responses re-
mains unclear. The amygdala, in keeping with its role in other
defensive responses (Phelps and LeDoux, 2005), has been hy-
pothesized to play a critical role in panic and CO2-evoked

responses (Gorman et al., 2000). Functional neuroimaging sup-
ports amygdala involvement, as both hypercapnia and dyspnea
have been suggested to activate the amygdala (Brannan et al.,
2001; Liotti et al., 2001; Evans et al., 2002). Further support for
the amygdala in CO2 responses was also provided by recent
mouse studies, in which amygdala manipulations altered CO2-
evoked behavior (Ziemann et al., 2009). However, a 35% CO2

inhalation challenge surprisingly elicited panic attacks and feel-
ings of fear, anxiety, and panic in human patients with bilateral
amygdala lesions (Feinstein et al., 2013). Together, these obser-
vations suggest that the amygdala is key in regulating CO2-
evoked defensive responses, but also underscore the possibility
that structures outside of the amygdala may be critical.

The bed nucleus of the stria terminalis (BNST) is one extra-
amygdalar structure that might contribute to CO2-evoked fear
and anxiety. Supporting a possible role for the BNST in CO2-
evoked behavior is the observation that the BNST exhibits rela-
tively dense expression of acid-sensing ion channels (ASICs)
(Coryell et al., 2007; Price et al., 2014), which have been impli-
cated in CO2 responses (Ziemann et al., 2009). Deleting Asic1a or
Asic2 in mice significantly attenuated CO2-evoked freezing and
CO2 aversion (Ziemann et al., 2009; Price et al., 2014). These
observations were consistent with previous studies, which found
that Asic1a�/� and Asic2�/� mice have deficits in fear- and
anxiety-related behaviors, such as cued and context fear condi-
tioning and predator odor-evoked freezing (Wemmie et al., 2003;
Coryell et al., 2007; Price et al., 2014; but see Pidoplichko et al.,
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2014). ASICs are trimeric, proton-gated cation channels of the
DEG/ENaC family that are activated by extracellular acidosis
(Waldmann et al., 1997; Wemmie et al., 2013). ASIC1A and
ASIC2A are localized to dendritic spines and have previously
been implicated in synaptic plasticity (Zha et al., 2006, 2009).
Relatively little is known about the function of ASICs in humans,
although polymorphisms in Asic1a and Asic2 have been recently
associated with panic disorder, amygdala volume, and function
(Gregersen et al., 2012; Smoller et al., 2014).

Because of the importance of the BNST in fear and anxiety, we
hypothesized that the BNST contributes to CO2-evoked behav-
ior. Furthermore, because ASIC1A is critical for CO2-evoked re-
sponses in mice, and ASIC1A is enriched in the BNST, we
hypothesized that ASIC1A in the BNST may play a key role in
these responses.

Materials and Methods
Mice. Asic1a �/� mice were generated as previously described (Wemmie
et al., 2002) and maintained on a C57BL/6J congenic background.
Asic1a loxP/� mice were generated by Xenogen Biosciences and inter-
crossed to produce Asic1a loxP/loxP mice. In brief, a targeting vector was
designed in which exon 2 of Asic1a was flanked by loxP sites. A neomycin
resistance cassette was also inserted to facilitate positive selection of elec-
troporated embryonic stem cells and was later removed by flippase tras-
fection. Asic1a loxP/loxP mice were generated and maintained on a
C57BL/6T congenic background. Because wild-type C57BL/6T mice
froze more to 10% CO2 than their C57BL/6J counterparts, it was impor-
tant that experimental groups were matched with controls of the same
congenic background. All mice were kept on a 12 h light-dark cycle, with
all experiments being performed during the light cycle. Mice were fed
standard chow and water ad libitum. Both male and female mice were
used, and all experimental groups were sex- and age-matched. Mice
undergoing behavioral testing were 12–18 weeks in age. Animal care
met the standards set by the National Institutes of Health, and all
experiments were approved by the University of Iowa Animal Care
and Use Committee.

Electrolytic lesions. Mice were anesthetized with a mixture of ketamine
and xylazine. A burr hole was drilled, and an electrode (an insect pin
coated with epoxylite) was stereotaxically inserted into the BNST. The
coordinates used to target the BNST were as follows: 0.4 mm anterior to
bregma, 1.0 mm lateral to the midline, and 4.3 mm ventral from the pial
surface. Bilateral lesions were made by passing 1.0 mA of DC through the
electrode for 10 s per side. Mice were sutured and allowed to recover for
at least 5 d before undergoing behavioral testing. Sham surgeries were
performed as described above, but without insertion of the electrode into
the BNST. Targeting was confirmed postmortem with Nissl staining and
mapped (see Fig. 1A).

CO2-evoked freezing. CO2-evoked freezing was assessed as previously
described (Ziemann et al., 2009; Price et al., 2014). Briefly, mice were
placed in a Plexiglas chamber containing 10% CO2 (10% CO2, 21% O2,
balanced with N2) for 10 min. Gas was infused at a flow rate of 5 L/min.
Behavior was videotaped and scored by an observer blinded to genotype
and condition. Freezing was defined as the absence of motion other than
respiration.

CO2-conditioned place avoidance. Custom avoidance chambers were
constructed, each chamber with two sides (7.25 inches long � 5.5 wide �
7.5 tall), divided by a removable separator, and each side with distinct
contextual cues: one side with black walls and a rod floor, and the other
with white walls and a mesh floor. For gas flow, each side had an (0.25
inch) inlet and an (0.125 inch) outlet port. Gas was infused at a flow rate
of 10 L/min. A 5 d protocol was used. On the first day, mice were allowed
to freely explore both sides of the chamber for 20 min, and their behavior
was videotaped. Time spent on each side was quantified by an observer
blinded to genotype and condition; mice spending �70% of the time on
either side at baseline were excluded. On days 2– 4, mice underwent two
training periods per day: one in the morning and one in the afternoon.
During this time, mice were confined to one side of the chamber while

being exposed to either 10% CO2 (10% CO2, 21% O2, balanced with N2)
or compressed air. The context paired with CO2 and order of CO2 expo-
sure were counterbalanced. On day 5, the mice were again allowed to
freely explore both sides of the chamber, and the amount of time spent on
the side previously paired with CO2 was quantified. Conditioned place
avoidance was determined by subtracting the time spent on the CO2-
paired side on day 1 from the time spent on the CO2-paired side on day 5.

Locomotor testing. Total locomotion was assessed in the open field in
room air as previously described (Coryell et al., 2007). In brief, mice were
placed in an open field chamber measuring 40.6 � 40.6 � 36.8 cm (San
Diego Instruments). Beam breaks were quantified over 30 min. Center
activity was defined as the percentage of total beam breaks occurring in
the center of the open field (25.5 � 25.5 cm) relative to total beam breaks.

Plethysmography. Ventilation was measured using standard plethys-
mographic techniques as previously described (Hodges et al., 2008) in a
Buxco chamber with continuous gas flow (700 ml/min). The protocol
consisted of �10 min of baseline in 0% CO2/50% O2, balanced with N2,
followed by exposures to 5%, 7%, and 10% CO2, all containing 50% O2,
and balanced with N2. All data were acquired using custom-written
MATLAB (MathWorks) software. All data segments �5 s in duration
that did not contain sighs, sniffing, or movement artifacts were selected
for analysis. At least 40 s of data was analyzed for each gas. All analyzed
data were obtained after 60 s of gas exposure to ensure equilibrium in the
chamber. Relative minute ventilation is reported, normalized to sham
mice in 0% CO2/50% O2.

Immunohistochemistry and imaging. Fresh tissue was embedded in
OCT (Tissue-Tek) and frozen. The 18 �m coronal sections were sliced
and mounted onto slides using the CryoJane system (Leica Biosystems).
eGFP was imaged directly without use of antibodies. For ASIC1A immu-
nohistochemistry, sections were postfixed in PBS with 4% PFA and 4%
sucrose for 10 min, followed by three 5 min washes with PBS. Sections
were then permeabilized with a 5 min exposure to 0.25% Triton X-100 in
PBS, followed by three 5 min washes with PBS. Sections were blocked for
1 h in 5% goat serum and then incubated overnight at 4°C with rabbit
polyclonal anti-ASIC1 antiserum (MTY19) (Wemmie et al., 2003) di-
luted 1:1000 in 5% goat serum Sections were washed three times for 5
min in PBS, followed by a 1 h incubation with goat-anti rabbit IgG
antibody coupled to AlexaFluor-488 or AlexaFluor-568 (Invitrogen) di-
luted 1:500 in goat serum. Sections were washed three times for 5 min in
PBS and mounted with Vectashield (Vector Labs). Sections were imaged
at 10� using a Zeiss confocal microscope (Zeiss 710). Colabeling with
ASIC1A and mouse monoclonal NeuN antibody (Millipore) and mouse
monoclonal GFAP antibodies (Millipore) was done in a similar manner.
NeuN was diluted 1:250, and GFAP was diluted 1:500 and then detected
with a goat-antimouse antibody coupled to AlexaFluor-568 (Invitrogen).
Sections were imaged at 20�.

Preparation of acute BNST slices. Coronal BNST brain slices (300 mM)
were prepared from 8- to 12-week-old mice, in accordance with the
University of Iowa guidelines. Briefly, BNST slices were cut using a Vi-
bratome 1000 Plus (Vibratome) in ice-cold slicing buffer (in mM as fol-
lows: 127 NaCl, 26 NaHCO3, 1.2 KH2PO4, 1.9 KCl, 1.1 CaCl2, 2 MgSO4,
10 D-glucose) bubbled with 95% O2 and 5% CO2. Slices were then trans-
ferred to a holding chamber containing oxygenated ACSF (in mM as
follows: 127 NaCl, 26 NaHCO3, 1.2 KH2PO4, 1.9 KCl, 2.2 CaCl2, 1
MgSO4, 10 D-glucose) for 30 min at 34°C and for another 30 min at 22°C
for recovery, and then transferred to a submersion recording chamber
continually perfused with 32°C oxygenated ACSF (rate: 2 ml/min). Slices
were equilibrated for at least 15 min before each recording.

Electrophysiology. Whole-cell recordings from BNST neurons were
made using an Axopatch 200B amplifier (Molecular Devices), sampled at
10 kHz, digitized by a DigiData 1322A, and later analyzed off-line by
ClampFit (Axon software). Recording pipettes with resistances ranging
between 3 and 6 Mohms were pulled using standard borosilicate capil-
laries by a Flaming-Brown electrode puller (P-97, Sutter Instruments)
and were filled with a K-gluconate-based patch solution (in mM as fol-
lows: 125 K-gluconate, 20 KCl, 10 NaCl, 2 Mg-ATP, 0.3 Na-GTP, 2.5
QX314, 10 HEPES, 0.2 EGTA, pH 7.3 adjusted with KOH) for the mea-
surement of acid-evoked currents. A different pipette solution (in mM as
follows: 130 K-gluconate, 1 MgCl2, 5 Mg-ATP, 0.4 Na-GTP, 10 HEPES, 5
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EGTA, pH 7.3 adjusted with KOH) was used for current-clamp experi-
ments. A total of 20 mM CNQX was used to block AMPA receptors, 100
mM picrotoxin was used to block GABAA receptors, and 100 mM APV was
used to block NMDA receptors.

Western blotting. Tissue punches for Western blotting were taken bi-
laterally from the BNST, and homogenized. 7.5 �g lysate was run on a
Bis-Tris gel and transferred to a PVDF membrane for Western blotting.
Primary antibodies used were as follows: rabbit polyclonal anti-ASIC1
antiserum (MTY19) (Wemmie et al., 2003) diluted 1:500 and chicken
polyclonal anti-GAPDH antibody (Millipore) diluted 1:10,000. Second-
ary antibodies used were as follows: IRDye 800CW donkey anti-rabbit
IgG (LI-COR) and IRDye 680LT Donkey anti-chicken IgG (LI-COR),
both diluted 1:10,000. The blots were imaged with the Odyssey imaging
system (LI-COR).

Fiberoptic pH sensors. Mice were anesthetized with a mixture of ket-
amine and xylazine. A burr whole was drilled and a fiberoptic pH
sensor (World Precision Instruments) was implanted into the BNST.
The following coordinates were used to target the BNST: 0.4 mm
anterior from bregma, 1.0 mm lateral from the midline, and 4.3 mm
ventral from the pial surface. After pH readings stabilized for at least
10 min, mice were then exposed to increasing doses of CO2 (5%, 10%,
20%) for 10 min, with a 10 min recovery period between doses. Si-
multaneous measurement of and delivery of acid into the BNST was
accomplished by either affixing an injector �1 mm from the tip of the
pH sensor and implanting it into the BNST, or cannulating the BNST
for acid infusion and implanting a pH sensor into the amygdala. The
following coordinates were used to target the amygdala: 1.5 mm pos-
terior to bregma, 3.5 mm lateral to the midline, and 4.5 mm the from
skull surface at bregma.

BNST cannulae. Cannulae were sterotaxically implanted into the
BNST in a manner similar to that which has been previously described
(Coryell et al., 2009; Ziemann et al., 2009). Briefly, a 25 gauge guide
cannula was implanted into the BNST. The following coordinates were
used to target the BNST: 0.4 mm anterior to bregma, 1.0 mm lateral to the
midline, and 3.5 mm ventral from pial surface. Mice recovered from
surgery for at least 3 d. A 30 gauge injector was inserted into guide
cannula, extending 1 mm past the cannula tip; 1 �l of ACSF (either pH
3.0 or pH 7.3) was infused over 5–10 s. Because of the rapid buffering
capacity of the brain, it was necessary to inject such an acidic solution

(pH 3) to lower the pH of the tissue to �6.8.
Mice were immediately placed in a Plexiglas
behavior chamber and the behavioral response
was videotaped for 10 min. A blinded observer
scored freezing, which was defined as an ab-
sence of movement except for respiration.
Cannula targeting was confirmed postmortem
with a dye infusion.

Viral injections. Adeno-associated virus
(AAV) vectors were obtained from the Univer-
sity of Iowa Gene Transfer Vector Core and
injected as previously described (Coryell et al.,
2008, 2009; Ziemann et al., 2009). All viruses
used were AAV2/1 chimeric viruses, with a
CMV promoter driving expression of ASIC1A,
Cre recombinase, or eGFP. AAV-cre and AAV-
Asic1a were coinjected with AAV-eGFP to aid
with localization. A total of 0.5 �l of virus was
injected into each site. The BNST coordinates
were (relative to bregma): anteroposterior 0.4
mm, lateral �1.0 mm, ventral 4.3 mm from the
pial surface. Hippocampus coordinates were
(relative to bregma): anteroposterior �1.5
mm, lateral 1 mm, and ventral 1.5 mm from
pial surface. Mice were allowed to recover for at
least 3 weeks before behavioral testing. Target-
ing was determined postmortem. Bilateral
transduction in the BNST was required to be
categorized as a hit and misses and unilateral
hits were excluded from further analysis.

Statistical analysis. All values are plotted as
mean � SEM. Significance between two groups with equal variance was
tested using a Student’s t test. Significance between two groups with
unequal variance was tested using a Student’s t test with Welch’s correc-
tion. Significance between more than two groups was tested using an
ANOVA. Within the context of the ANOVA, planned contrast testing
(Student’s t test) and post hoc testing (Bonferroni’s multiple-comparison
test) were performed to test for differences between two groups. For all
tests, p � 0.05 was considered significant. Analyses were performed using
Prism software (GraphPad).

Results
CO2-evoked behaviors depend on the BNST
Although the role of the BNST in humans is not fully understood,
recent human functional imaging studies are consistent with
BNST involvement in anxiety (Somerville et al., 2010, 2013; Al-
varez et al., 2011; Grupe et al., 2013; Avery et al., 2014). Rodent
studies have also implicated the BNST in fear-and anxiety-related
behaviors, particularly unconditioned fear responses, such as to
predator odors (LeDoux et al., 1988; Lee and Davis, 1997; Fendt
et al., 2003; Sullivan et al., 2004). Much as predator odors herald
the potential threat of predation, CO2 heralds the potential threat
of suffocation; thus, CO2 might act as an unconditioned aversive
stimulus that engages the BNST. Previous studies used bilateral
electrolytic lesions to implicate the BNST in rodent models of fear
and anxiety (Sullivan et al., 2004; Luyten et al., 2011). Therefore,
to test the hypothesis that the BNST might contribute to CO2-
evoked behaviors, we bilaterally lesioned the BNST. These lesions
hit both the dorsal and ventral aspects of the BNST, including the
oval and anterodorsal subnuclei (Fig. 1A). Because freezing is a
widely used measure of fear-related behavior, and because previ-
ous studies suggested that 10% CO2 evokes a robust freezing
response in wild-type C57BL/6J mice (Ziemann et al., 2009), we
tested 10% CO2-evoked freezing in BNST-lesioned mice versus
sham controls. We found that 10% CO2 induced prominent
freezing behavior that was absent in compressed air (Fig. 1B)
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Figure 1. BNST lesions reduce CO2-evoked behavior. A, Diagram representing location and size of the largest (gray) and
smallest (black) lesions (Paxinos and Franklin, 2001). B, BNST lesions reduced CO2-evoked freezing. C, BNST lesions significantly
reduced conditioned avoidance to CO2. D, BNST lesions did not alter minute ventilation (VE). E, BNST lesions did not alter locomo-
tion in the open field.
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(F(1,37) 	 152.1, p � 0.0001). Moreover, BNST lesions signifi-
cantly attenuated CO2-evoked freezing, although they did not
completely abolish it (Fig. 1B) (p 	 0.0271).

To further probe the role of the BNST in CO2-evoked be-
havior, we developed a CO2 conditioned place avoidance assay
(CO2-CPA), in which mice learn to associate 10% CO2 with a

specific context in a two-sided box and subsequently avoid it
when given a choice between the context previously paired
with CO2 versus one previously paired with compressed air
(see Materials and Methods). Because the BNST has been sug-
gested to play a role in contextually conditioned fear (Sullivan
et al., 2004), we hypothesized that BNST lesions would impair
CO2-CPA. We found that both BNST- and sham-lesioned an-
imals avoided the context previously paired with CO2. Con-
sistent with our hypothesis, BNST lesions significantly
reduced CO2-conditioned place avoidance (Fig. 1C) (t(11) 	
2.580, p 	 0.0256, n 	 7, n 	 6).

In light of a recent study implicating the BNST in control of
respiratory rate (Kim et al., 2013) and because elevated CO2 con-
centrations (hypercapnia) potently stimulate breathing (Hodges
et al., 2008), we further sought to determine whether BNST le-
sions might alter the hypercapnic ventilatory response. Inhaling
5%, 7%, and 10% CO2 increased minute ventilation (VE) to in-
creasing degree (Fig. 1D) (F(3,68) 	 422.8, p � 0.0001 n 	 10, n 	
9). However, BNST lesions did not interfere with this response
(F(1,68) 	 0.002381, p 	 0.9657), and there was no CO2 � lesion
interaction (F(3,68) 	 3.435, p 	 0.4471). We also assessed loco-
motion by quantifying total beam breaks in open field test and
found that the BNST-lesioned mice were similar to their sham
counterparts (Fig. 1E) (t(20) 	 0.6284, p 	 0.5369), and no dif-
ference was detected in center activity (sham 34.45 � 1.451%,
lesion 30.93 � 1.680%, t(20) 	 1.586, p 	 0.1283). These results
suggest that effects of BNST lesions on unconditioned and con-
ditioned behavioral responses to 10% CO2 are not driven by
differences in CO2-induced hyperventilation or by general differ-
ences in locomotion.

ASIC1A in BNST neurons is critical for acid-evoked currents
and depolarization
Because previous studies suggested that ASIC1A contributes to
CO2 detection in the amygdala and because ASIC1A was previ-
ously detected in the BNST (Coryell et al., 2007; Price et al., 2014),
we hypothesized that ASIC1A in the BNST might contribute to
CO2-evoked behavior. We confirmed the presence of ASIC1A in
BNST neurons using ASIC1A immunohistochemistry in
Asic1a�/� versus Asic1a�/� mice (Fig. 2A,B) and by taking ad-
vantage of colocalization with the neuronal marker NeuN (Fig.
2C). We found that a substantial component of the ASIC1A sig-
nal overlapped with NeuN at neuron somata. We also observed
an ASIC1A-specific extrasomatic signal that did not overlap with
the astrocyte marker GFAP (Fig. 2D), which is most likely con-
sistent with the previously established localization of ASIC1A in
dendrites (Wemmie et al., 2002; Hruska-Hageman et al., 2004;
Zha et al., 2006, 2009). Next, we tested for ASIC1A-dependent
channel activity using a relatively severe acid challenge, pH 5.6.
We found that this challenge evoked large currents from BNST
neurons in Asic1a�/� slices. Whereas BNST neurons from
Asic1a�/� mice lacked this acid-evoked current (Fig. 2E) (t(6) 	
4.364, p 	 0.0048, n 	 7, n 	 6), membrane capacitance was not
different across genotypes (Asic1a�/� 49.09 � 3.114 pF, n 	 28;
Asic1a�/� 49.04 � 2.460 pF, n 	 24: t(50) 	 0.01259, p 	 0.9900).
Thus, even severe acidosis failed to evoke current in BNST neu-
rons from Asic1a�/� mice. A more physiologic challenge, pH 6.8,
induced depolarization and action potentials in Asic1a�/� neu-
rons assessed by whole-cell current clamp, but not in Asic1a�/�

neurons (Fig. 2F) (t(5) 	 7.385, p 	 0.0007, n 	 6, n 	 7).
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CO2 causes freezing, conditioned avoidance, and
BNST acidosis
Like BNST lesions, and consistent with previous observations
(Ziemann et al., 2009; Price et al., 2014), we found that ASIC1A
disruption attenuated both the freezing response to 10% CO2

(Fig. 3A) (F(1,39) 	 10.02, p 	 0.0030 gas � genotype interaction,
p 	 0.0049, n 	 11, n 	 11, n 	 11, n 	 10) and CO2-CPA (Fig.
3B) (t(36) 	 1.977, p 	 0.0279, n 	 19, n 	 19, one-tailed). To
explore how CO2-induced behavior might depend on the BNST
and ASICs, we measured pH in the BNST of anesthetized mice
with a fiberoptic pH sensor. When the mice were breathing only
compressed air, average pH was 6.93 � 0.12 and 6.85 � 0.08 in

Asic1a�/� and Asic1a�/� mice, respectively (t(4) 	 0.5153, p 	
0.63, n 	 3 per group). These values are consistent with previous
pH measurements in the lateral ventricle and amygdala using the
same approach, and are less than what might be expected in
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BNST elicited significantly more freezing than those that missed the BNST.
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awake animals (pH 7.29 –7.39) (Mitchell
et al., 1965; Mayhan et al., 1988) likely due
to anesthesia-induced respiratory sup-
pression and the associated hypercarbia
(Ziemann et al., 2009). Increasing con-
centrations of inhaled CO2 to 5%, 10%,
and 20% lowered pH in the BNST to in-
creasing degree (Fig. 3C,D) (F(2,12) 	
42.47, p � 0.0001, n 	 3, n 	 3). However,
Asic1a disruption did not alter this re-
sponse (F(1,12) 	 0.3209, p 	 0.5815), and
there was no gas � genotype interaction
(F(2,12) 	 1.089, p 	 0.3677). The magni-
tude of the acidosis in the two genotypes
was not different, suggesting that ASIC1A
disruption does not alter pH (Ziemann et
al., 2009). Conceivably, respiratory sup-
pression due to anesthesia may obscure
the absolute pH changes evoked by CO2

inhalation. Nevertheless, these measure-
ments grossly confirm CO2-induced aci-
dosis in the BNST and provide a useful
estimate of the pH changes.

BNST acidosis evokes freezing that
depends on ASIC1A
To test whether acidosis in the BNST
might be sufficient to trigger behavior, we
directly infused acidic ACSF into the
BNST of Asic1a�/� and Asic1a�/� mice.
We found that infusing ACSF pH 3 into
the BNST of anesthetized mice lowered
pH by a magnitude approximately similar
to that observed during 10% CO2 inhala-
tion (Fig. 4A). Importantly, delivering
acidic ACSF to the BNST did not alter pH
in the basolateral amygdala (Fig. 4A), a
location where acidic pH has been previ-
ously shown to evoke freezing behavior
(Ziemann et al., 2009). We next tested ef-
fects of infusions through guide cannulae
into the BNST of awake, behaving mice
(Fig. 4B) and found a significant geno-
type � infusion interaction (Fig. 4C)
(F(1,18) 	 60.81, p � 0.0001). Like CO2

inhalation, direct acidification of the BNST evoked freezing be-
havior in Asic1a�/� mice relative to vehicle pH 7.3 (Fig. 4C) (t(8)

	 7.81, p � 0.001). However, this response was absent in
Asic1a�/� mice (t(10) 	 0.347, p 	 0.74). Acidic infusions that
missed the BNST also failed to evoke freezing behavior (Fig. 4C)
(t(6) 	 1.40, p 	 0.210). Together, these data suggest that the
BNST is sensitive to pH and that the ability of CO2 to evoke
freezing behavior may come, at least in part, through direct acid-
ification of the BNST.

ASIC1A in the BNST is required for normal CO2-
evoked freezing
To test whether the BNST is a key site of ASIC1A action in CO2-
evoked behavior, we took advantage of a mouse with loxP sites
inserted into the introns flanking the critical second exon of the
Asic1a gene (Asic1a loxP/loxP). Expressing Cre recombinase in the
BNST of these mice via an adeno-associated virus vector (AAV-
Cre) removed exon 2 and disrupted ASIC1A as assessed by im-

munohistochemistry (Fig. 5A,B), Western blot (Fig. 5E), and
acid-evoked currents (Fig. 5F,G) (t(8) 	 5.086, p 	 0.0009, n 	 9,
n 	 8). Whereas ASIC1A expression levels were intact in
Asic1a loxP/loxP mice transduced with the AAV-eGFP control vec-
tor (Fig. 5E). Within the BNST, the viruses tended to transduce
both the oval and anterodorsal nuclei (Fig. 5B,C). In contrast to
our lesion studies, where we cannot rule out effects of fibers of
passage, in this approach no virus transduction was detected in
the basolateral amygdala (Fig. 5D), suggesting that the virus was
not taken up by fibers from cells connected to the BNST (Kim et
al., 2013) or by fibers passing through the BNST or anterior com-
missure (Martínez-Lorenzana et al., 2004). We next tested the
effects of these viral manipulations on freezing behavior evoked
by 10% CO2. We found that CO2-evoked freezing was signifi-
cantly attenuated in Asic1a loxP/loxP mice in which the BNST was
transduced with AAV-Cre relative to those transduced with
AAV-eGFP (Fig. 5H) (t(18) 	 5.532, p � 0.0001, n 	 12, n 	 8).
In contrast, general locomotor activity in the open field was un-
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Figure 5. Disrupting ASIC1A in the BNST reduces acid-evoked currents and CO2-evoked freezing. A, B, Examples of ASIC1A
immunofluorescent labeling (white) of Asic1a loxP/loxP mice injected with AAV-eGFP or AAV-cre into the BNST (arrow), showing a
localized disruption of ASIC1A expression in the AAV-cre injected BNST. C, D, In the same mouse, AAV-eGFP transduction in the
BNST produced eGFP expression (green) in the BNST (arrow), but not in the basolateral amygdala (dashed circle). E, Western blot
of ASIC1A protein from Cos cells transfected with Asic1a and from BNST punches from mice of the indicated genotypes and virus
transduction. AAV-cre injections eliminated the majority of the ASIC1A protein in the BNST. GAPDH immunoblotting was included
as a loading control. F, G, Whole-cell voltage-clamp recordings of neurons from BNST slices. AAV-cre disrupted acid-evoked
currents in the BNST of Asic1a loxP/loxP mice. H, Quantification of freezing behavior evoked by 10% CO2. AAV-cre injections into the
BNST of Asic1a loxP/loxP mice significantly reduced freezing. I, AAV-cre transduction in the BNST of Asic1a loxP/loxP mice did not alter
locomotion in the open field relative to AAV-eGFP transduced controls.
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affected by these manipulations (Fig. 5I) (t(18) 	 0.2491, p 	
0.8061), and center activity was not significantly different (AAV-
GFP 36.23 � 2.354%, AAV-Cre 29.81 � 1.498%, t(18) 	 2.037,
p 	 0.0567). These results suggest that CO2-evoked freezing de-
pends on ASIC1A in the BNST.

ASIC1A in the BNST is sufficient to increase
CO2-evoked freezing
The previous data suggested that ASIC1A in the BNST is neces-
sary for normal CO2-evoked freezing. To test whether ASIC1A in

the BNST is also sufficient to increase CO2-evoked freezing, we
used an AAV vector expressing ASIC1A (AAV-ASIC1A) to drive
ASIC1A expression to the BNST of Asic1a�/� mice. We found
that the AAV-ASIC1A vector produced prominent ASIC1A pro-
tein expression (Fig. 6A) and acid-evoked currents in transduced
neurons (Fig. 6C) (t(6) 	 2.894, p 	 0.0275, n 	 9, n 	 7).
Moreover, AAV-ASIC1A-injected Asic1a�/� mice had a signifi-
cant increase in 10% CO2-evoked freezing relative to their AAV-
eGFP-injected counterparts (Fig. 6D) (F(5,40) 	 13.10, p �
0.0001, n 	 5, n 	 9, n 	 7, n 	 7, n 	 7, n 	 8, one-way ANOVA,
t(12) 	 3.165, p 	 0.0081). To test for site specificity, we also
transduced the dorsal hippocampus with AAV-ASIC1A or AAV-
eGFP (Fig. 6B) and found no effect on 10% CO2-evoked freezing
(Fig. 6D) (t(12) 	 1.231, p 	 0.2420). Finally, to test whether we
could use this system to exaggerate CO2-evoked behavior, we
injected AAV-ASIC1A versus AAV-eGFP into the BNST of
Asic1a�/� mice. We found that, in the background of normal
ASIC1A expression, targeting AAV-ASIC1A to the BNST was
sufficient to significantly increase CO2-induced freezing (Fig.
6D) (t(13) 	 2.755, p 	 0.0164), whereas these manipulations did
not significantly affect general locomotor activity (Fig. 6E) (F(5,40)

	 0.7138, p 	 0.1547) or center activity (F(5,40) 	 0.1.594, p 	
0.1662) in the open field.

Discussion
Our results identify the BNST as a key structure in CO2-evoked
fear-related behaviors. Not only does the BNST mediate CO2-
evoked freezing and conditioned avoidance, our data suggest that
CO2 acidifies the BNST and that the BNST can directly detect
acidosis, through ASIC1A. These findings are consistent with a
previously established role for the BNST in rodent models of
unconditioned and conditioned fear (LeDoux et al., 1988; Lee
and Davis, 1997; Fendt et al., 2003; Sullivan et al., 2004) and for
ASICs in CO2-evoked behavior (Ziemann et al., 2009; Price et al.,
2014).

Several lines of evidence suggest that the BNST is pH sensitive.
CO2 inhalation lowers pH in the BNST. Explicitly and directly
manipulating pH in the BNST evokes freezing behavior. A pH-
sensitive channel, ASIC1A, is expressed in the BNST. And CO2-
and acidosis-evoked behaviors depend on ASIC1A. Together,
these observations suggest that ASIC1A in the BNST directly de-
tects CO2-induced acidosis. However, we cannot rule out the
possibility that acidosis activates some other pH-sensitive recep-
tive mechanisms, which depend on ASIC1A in the BNST.

The observation that structures in the fear circuit are pH sen-
sitive raises questions about the adaptive value of sensing pH
deep within the CNS. By detecting rising CO2 levels, the BNST
and amygdala might alert the animal to a threat of suffocation
(Klein, 1993). But why is CO2 detection in the forebrain of value
given that CO2 and its diverse physiological effects can be de-
tected or inferred through a variety of other mechanisms, such as
smell (Hu et al., 2007), taste (Chandrashekar et al., 2009), and
interoception (e.g., chest wall movement) (Flume et al., 1996), or
inspiratory resistance (Lang et al., 2011)? Perhaps CO2 sensitivity
in the brain functions as a failsafe mechanism or as a last resort
when other means of detecting suffocation and rising CO2 are
inadequate. Or perhaps the pH sensitivity in the fear circuit helps
the organism recognize the experience of CO2 inhalation as a
danger. Or maybe pH sensitivity in deep CNS structures is a
conserved vestige from simpler organisms (Cummins et al.,
2014). Alternatively, pH-sensitive molecules may normally play
other roles and might be serendipitously activated by CO2. For
example, ASICs are localized on dendritic spines (Zha et al.,

Figure 6. Expressing ASIC1A in the BNST is sufficient to increase CO2-evoked freezing. A,
ASIC1A immunofluorescence in the BNST (white) of Asic1a �/� mice injected with AAV-
ASIC1A. B, ASIC1A immunofluorescence in the dorsal hippocampus (white) of Asic1a �/� mice
injected with AAV-ASIC1A. C, Whole-cell voltage-clamp recordings of neurons from BNST slices.
AAV-ASIC1A produced acid-evoked currents in the BNST of Asic1a �/� mice. D, Quantification
of freezing evoked by 10% CO2 in mice of indicated genotypes, viruses, and injection sites. In
Asic1a �/� mice, AAV-ASIC1A in the BNST significantly increased freezing relative to AAV-eGFP
injected controls, whereas AAV-ASIC1A in dorsal hippocampus (Hipp) did not. In Asic1a �/�

mice, AAV-ASIC1A in the BNST significantly increased CO2-evoked freezing relative to AAV-eGFP
controls. E, Infusion of AAV-ASIC did not alter locomotion in the open field.
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2006) and have been suggested to be activated by protons released
during synaptic transmission (Wemmie et al., 2013). Regardless
of these questions, the finding that multiple forebrain structures
detect acidosis raises the possibility that brain pH may play a
more general role in brain function and behavior.

One limitation of our lesion and viral studies is that they are
not sufficiently precise to discern which BNST subnuclei are crit-
ical for CO2-evoked freezing and conditioned avoidance. This
could be particularly important as recent studies have suggested
opposing roles for BNST subnuclei in anxiety-related behavior
(Haufler et al., 2013; Kim et al., 2013). For example, Kim et al.
(2013) found that the oval nucleus of the BNST (ovBNST) pro-
moted anxiety-like behavior, whereas the anterodorsal BNST
(adBNST) reduced anxiety-like behavior in the elevated plus
maze. Nevertheless, our findings are consistent with other en
masse manipulations of the BNST (LeDoux et al., 1988; Lee and
Davis, 1997; Fendt et al., 2003; Sullivan et al., 2004; Kim et al.,
2013). Although our current methods did not hit the ovBNST
without hitting surrounding structures, infusing smaller volumes
of virus might limit spread and increase site specificity. However,
the apparent anxiety-promoting effects on CO2-evoked behav-
iors detected here suggest that the ovBNST might be responsible.

The amygdala has also been implicated in CO2-evoked behav-
iors (Ziemann et al., 2009; Feinstein et al., 2013). This, coupled
with our results herein, raises questions about the respective roles
of the BNST and amygdala and their potential relationship. Are
these roles duplicative, or do these two structures play unique
roles that we have not yet been able to discern? Do these struc-
tures function independently, or do they function together, per-
haps in series? Established interconnections between the BNST
and amygdala suggest that the two structures may function to-
gether as a part of a network (Davis, 2002; Walker and Davis,
2008; Davis et al., 2010). However, because both the BNST and
amygdala consist of multiple interconnected subnuclei, the rela-
tionship between nuclei in this network could be quite compli-
cated. Other brain structures, such as the parabrachial nucleus,
which receives input from the BNST, may also play a role (Kaur et
al., 2013). Future studies will be necessary to further characterize
these complex circuits.

Freezing is thought to represent an important defensive re-
sponse to threat. For example, in a predator–prey confrontation,
freezing probably serves the prey by helping to avoid detection.
The finding that BNST lesions not only reduced CO2-evoked
freezing, but also reduced conditioned place avoidance to CO2 is
consistent with BNST-dependent responses as expression of neg-
ative emotion. However, it is not yet clear why freezing might be
an adaptive in circumstances associated with rising levels of CO2.
Perhaps when CO2 is high or pH is low, movement is risky from
a cardiorespiratory standpoint. Or perhaps freezing is an orient-
ing response to further assess any type of threat. Furthermore,
under some conditions, freezing might be counteradaptive by
slowing escape from dangerously high CO2 levels. It remains un-
certain what CO2-evoked freezing behavior represents or how it
might be related to the anxiety, fear, and panic evoked by CO2 in
humans.

Nevertheless, our mouse studies suggest that the BNST might
be important for CO2-evoked responses in humans and that
ASICs may be critical. Our data raise the possibility that elevated
ASIC1A expression or function in the BNST might exaggerate
CO2-triggered responses in humans, thus suggesting a theoreti-
cally plausible mechanism for increased CO2 sensitivity in panic
disorder patients. Similarly, our results suggest that the BNST
might be a critical extra-amygdalar structure underlying elevated

CO2 responses in humans with amygdala lesions (Feinstein et al.,
2013; Smoller et al., 2014). Conversely, our results suggest that
reducing ASIC1A expression or function in the BNST may re-
duce CO2 responses and that ASIC1A antagonists might have
therapeutic potential for anxiety disorders, especially those ac-
companied by CO2 hypersensitivity.
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