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Abstract

CO2 inhalation can provoke panic attacks in humans, and the likelihood is increased in patients 

with panic disorder. Identifying brain sites involved could provide important mechanistic insight 

into the illness. In mice, the amygdala has been suggested to promote CO2 responses; however, 

recent studies in humans with amygdala damage indicate the amygdala is not required for CO2-

induced fear and panic and might actually oppose these responses. To clarify the role of the 

amygdala, we produced lesions in mice paralleling the human lesions, and characterized 

behavioral responses to CO2. Compared to sham controls, we found that amygdala-lesioned mice 

froze less to 10% CO2, and unlike shams they also began to jump frenetically. At 20% CO2, 

controls also exhibited jumping, suggesting it is a normal response to more extreme CO2 

concentrations. The effect of amygdala lesions was specific to CO2 as amygdala-lesioned mice did 

not jump in response to a predator odor or to an auditory conditioned stimulus. In amygdala-

lesioned mice, jumping evoked by 10% CO2 was eliminated by co-lesioning the dorsal 

periaqueductal gray, a structure implicated in panic and escape-related behaviors. Together, these 

observations suggest a dual role for the amygdala in the CO2 response: promoting CO2-induced 

freezing, and opposing CO2-induced jumping, which may help explain the exaggerated CO2 

responses in humans with amygdala lesions.
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1. Introduction

Faced with a threat, all animals including humans must rapidly assess the severity and 

imminence of the risk and defend themselves. An inappropriate, ineffective, or maladaptive 

defensive response can be deadly; thus, choosing an efficacious strategy is critical for 

survival [1]. Defensive responses exist on a spectrum whereby urgency, severity, and 

magnitude of the response escalate with increasing threat imminence and intensity. Low 

intensity or low risk threats generally elicit vigilance and avoidance, whereas moderate 

intensity or more proximal threats often elicit immobility which likely helps one avoid 

detection. In contrast, high intensity or unavoidable threats evoke extreme responses 

including rapid attempts to escape and violent preemptive attacks or counterattacks [2, 3]. 

These responses are largely conserved across species and are seen in response to a range of 

threatening stimuli, such as predators [4, 5], shocks [6, 7], and cues previously associated 

with aversive stimuli [8]. Despite substantial previous work, current knowledge of the 

circuits and mechanisms underlying the range and distinctions between defensive response 

remains incomplete.

Carbon dioxide (CO2) has been a valuable experimental tool for studying the defensive 

response spectrum. As CO2 levels rise, the threat of suffocation becomes increasingly 

imminent, thus shifting behaviors across the defensive response spectrum. In humans, CO2 

inhalation can elicit anxiety, fear and panic [9–11]. These responses can occur in healthy 

individuals, but occur more frequently in patients with panic disorder [12]. In mice, CO2 

inhalation elicits avoidance and freezing [13–16].

Previous work implicated the amygdala in CO2-evoked freezing in mice [13]. This 

observation was consistent with literature implicating the rodent amygdala in freezing 

evoked by other aversive stimuli [17–19], as well as with literature implicating the human 

amygdala in fear responses [20–23]. More recently, the role of the human amygdala in CO2-

evoked defensive responses was investigated in subjects with bilateral amygdala damage due 

to Urbach-Wiethe disease using a 35% CO2 challenge. Contrary to the expectation that 

amygdala damage would attenuate CO2 responses, individuals with amygdala lesions 

experienced CO2-evoked panic attacks and an increased likelihood of panicking [24]. These 

studies suggested that while the amygdala may promote some defensive responses, such as 

avoidance and freezing, it may also suppress other more extreme defensive responses. We 

therefore sought to clarify the role of the amygdala in CO2-evoked defensive responses in 

mice by modeling the amygdala lesions caused by Urbach-Wiethe disease.
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2. Materials and methods

2.1 Mice.

Mice were maintained on a congenic C57BL/6J background, with ad libitum access to water 

and chow (Teklab), and kept on a 12-hour light/dark cycle with experiments performed 

during the light phase. Both sexes, aged 10—16 weeks were used in the behavioral 

experiments and all groups were age- and sex-matched. Separate groups of mice were used 

to test effects of amygdala lesions on CO2-evoked behaviors, TMT-evoked freezing, and fear 

conditioning. Prior to testing CO2 responses, amygdala-, BNST-, and hippocampus-lesioned 

mice were tested in the open field test to determine whether the lesions affected locomotor 

activity. Animal care met National Institutes of Health standards and the University of Iowa 

Animal Care and Use Committee approved all experiments.

2.2 Electrolytic brain lesions.

Bilateral brain lesions were generated as previously described [14] with a unipolar electrode 

(an insected pin coated in Epoxylite) stereotactically inserted into the region of interest with 

the following coordinates relative to bregma or pial surface: amygdala: 1.4 mm posterior, 3.2 

mm lateral, and 3.9 mm ventral; bed nucleus of the stria terminalis (BNST): 0.4 mm 

anterior, 1.0 mm lateral, 4.3 mm ventral; hippocampus: 1.4 mm posterior, 1.0 mm lateral, 

1.0 mm ventral; and dorsal periaqueductal gray (dPAG): 4.0 mm posterior, 0.5 mm lateral, 

1.5 mm ventral. Current (1 mA anodal DC) was applied for 17 s (amygdala and 

hippocampus), 10 s (BNST), or 7 s (dPAG). Duration of current application was varied 

between sites so as to generate lesions of an appropriate size. Unilateral amygdala lesions 

were made in equal numbers in the left and right amygdalae. Sham surgeries were identical 

to lesion surgeries, but without current application or electrode insertion. Sham controls 

were compared to a relatively large group of non-surgery exposed wild-type C57Bl/6J mice 

(n = 47) freezing and jumping were not statistically different (freezing: p = 0.5736, jumping: 

p = 0.4546) suggesting sham surgery did not affect 10% CO2-evoked behaviors. In addition, 

sham controls were compared to a separate group of mice in which the surgeries included 

electrode insertion but not lesioning; the sham mice also did not differ significantly from this 

group (Figure S1). One week of surgical recovery preceded behavioral testing. Lesion 

location and size were assessed postmortem. Five animals were excluded from analyses 

because their lesions did not hit the structure of interest.

2.3 CO2-evoked behaviors.

CO2-evoked behaviors were assessed as previously described [13, 14, 25]. Briefly, mice 

were placed in a custom-made Plexigas chamber (20.3 cm wide X 20.3 cm deep X 16.5 cm 

high) for 10 min. Compressed air, 10% CO2 (21% O2, balanced with N2), or 20% CO2 (21% 

O2, balanced with N2) was infused into the chamber at a rate of 5 L/minute. A separate 

group of mice was used for each gas mixture. Squads of sham mice which underwent gas 

exposures at separate times but under consistent conditions did not differ significantly from 

each other and were collapsed for analysis. Behavioral testing was videotaped and assessed 

by a trained observer blinded to condition. Freezing was defined as a lack of movement 

other than respiration, and jumping was defined as all paws being simultaneously airborne.
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2.4 Locomotor testing.

Locomotion was assessed as previously described [14, 26] in an open field chamber (40.6 

cm wide 40.6 cm deep 36.8 cm high, San Diego Instruments) in room air for 20 min.

2.5 Auditory cue fear conditioning.

Day 1: mice were placed in video fear conditioning chambers (Med Associates) for a total of 

14 min. For the first 3 min, they were allowed to explore, followed by 5 tones (80 dB, 3 kHz, 

20 s), co-terminating with a foot shock (1 s, 0.75 mA), with a 100 s inter-trial interval. Day 

2: conditioned freezing and jumping were assessed in response to a tone presented 

continuously during minutes 4—6 of a 10 min trial in a novel context with floor, ceiling, 

lighting and odor altered from Day 1. Freezing was assessed using VideoFreeze software 

(Med Associates) and jumping assessed as above.

2.6 TMT-evoked behaviors.

TMT exposure was performed as previously described [27, 28]. Briefly, 6 μl of 

trimethythiazoline (TMT) (Contech) was pipetted onto a piece of tissue paper in a beaker. 

Mice, along with the beaker, were placed in a Plexiglas behavior chamber (20 cm wide X 21 

cm deep X 17 cm long) for 10 min. Behavioral testing was videotaped and assessed by a 

trained observer blinded to condition. Freezing and jumping were assessed in the same 

manner as with CO2 exposure.

2.7 Statistical analysis.

Statistical significance between two groups was tested with the Mann-Whitney test (ordinal 

variables) or Student’s t-test (continuous variables). Welch’s correction was applied when an 

F test revealed significantly different variances. ANOVA was used to test statistical 

significance between more than two groups. Relationships between groups hypothesized a 

priori were tested by planned contrast testing within the context of the full ANOVA. For all 

tests, p < 0.05 was considered significant. Values are displayed as mean ± SEM. All 

statistical tests were performed using Graphpad Prism software.

3. Results

3.1 Amygdala lesions alter CO2-evoked behaviors

To attempt to reconcile the seemingly contradictory findings that the amygdala inhibits CO2-

evoked defensive responses in humans [24], yet promotes CO2-evoked defensive response in 

mice [13], we sought to approximate in mice the amygdala damage seen in patients with 

Urbach-Wiethe disease. Therefore, we created bilateral electrolytic lesions in mice. 

Although electrolytic lesions are less discriminant than other methods, we chose this 

approach, because the effects are permanent and destroy both amygdala tissue and fibers of 

passage similar to the destructive lesions in the patients. And like individuals with Urbach-

Wiethe disease [24], the mouse lesions affected the basolateral amygdala (BLA) as well as 

some adjacent structures (Figure 1A, S2A,B). Although notably, the heterogenous lesions 

generated in mice may not reproduce the lesion heterogenity in human patients, and 

occurred en bloc unlike the progressive amygdala damage that occurrs over time in the 
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disease. In order to test the effects of these lesions on CO2 responses, we placed mice in an 

airtight chamber infused with compressed air, 10% CO2, or 20% CO2, as described 

previously [13, 14, 25, 28]. Consistent with our earlier studies, exposure to 10% or 20% CO2 

evoked robust, dose-dependent freezing in sham controls, which was absent in compressed 

air (Figure 1B). Amygdala-lesioned mice responded quite differently. In 10% CO2, they 

froze much less than their sham counterparts (Figure 1B). Interestingly, they also displayed 

additional behaviors: the amygdala-lesioned mice jumped frenetically, often hitting the 

ceiling of the clear Plexiglas chamber (Figure 1C, Video S1). This jumping was similar to 

behavior previously reported in response to other aversive stimuli, which has been thought to 

be analogous to escape or flight [7, 8]. Mice with unilateral amygdala lesions also jumped in 

10% CO2 but froze normally (Figure S3A, S3B), suggesting the jumping was not simply 

unmasked by the absence of freezing. In compressed air, the jumping was largely absent, 

suggesting it was a response to the CO2 itself, rather to some other aspect of the assay. 

Sham-lesioned mice rarely jumped in response to 10% CO2. Although a higher CO2 

concentration, 20%, evoked jumping in both amygdala-lesion and sham-lesion mice, and to 

a similar degree (Figure 1C), perhaps due to a ceiling effect. Together these data suggest that 

jumping represents a more extreme defensive response that can be evoked by high CO2 

concentrations. Moreover, these data suggest that amygdala lesions may shift the defensive 

spectrum and lower the threshold of more extreme CO2-evoked defensive behaviors.

Because freezing and jumping both depend on movement, we tested whether the lesions 

affected general locomotor activity. Amygdala lesions did not alter locomotor activity in an 

open field test (Figure S4), suggesting that the altered defensive responses evoked by CO2 

were not due to baseline differences in locomotion.

3.2 Amygdala-lesioned mice did not jump in response to other aversive stimuli

We next sought to determine if amygdala lesions produced a similar shift in the defensive 

responses to other aversive stimuli. First, we tested the effects of amygdala lesions on 

auditory fear conditioning. Amygdala lesions are known to impair the acquisition and 

expression of conditioned freezing behavior [29, 30]. Consistent with others’ observations 

[31], our amygdala-lesioned mice froze less than their sham counterparts during acquisition 

(data not shown, sham controls 265.7 ± 20.19, amygdala-lesioned mice 67.06 ± 20.39, t (34) 

= 6.92, p < 0.0001) and in response to presentation of the conditioned stimulus, an auditory 

tone that was paired with footshocks, 24 h after training (Figure 2A). However, little or no 

jumping was observed in response to the conditioned stimulus in either the amygdala-

lesioned or sham-lesioned mice (Figure 2A). In another group of mice, we tested the effects 

of amygdala lesions on the behavioral response to the predator odor trimethythiazoline 

(TMT). Previous studies have reported that lesion or acute inactivation of the basolateral 

amygdala does not alter TMT-evoked freezing [32, 33]. Consistent with those observations, 

we observed no effect of amygdala lesions on TMT-evoked freezing (Figure 2B). In 

addition, neither amygdala-lesioned mice nor sham controls jumped in response to TMT 

exposure (Figure 2B). Together, these findings suggest that effects of amygdala lesions on 

CO2 responses may not generalize to all stimuli that induce freezing.

Taugher et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2021 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3 BNST and hippocampus lesions did not elicit jumping in 10% CO2

Our previous work also implicated the bed nucleus of the stria terminalis (BNST) in 

behavioral responses to CO2 [14]. Thus, we sought to test whether or not BNST lesions 

altered CO2-evoked jumping. We tested the response to 10% CO2, as this was the 

concentration at which amygdala-lesioned mice jumped and their sham counterparts did not. 

Like amygdala lesions, BNST lesions also attenuated freezing to CO2 (Figure S5A, 3A) 

[14], a difference not explained by a change in locomotion (Figure S4). However, BNST 

lesions did not lead to jumping (Figure 3A), suggesting that the circuitry underlying CO2-

evoked freezing and jumping behaviors is distinguishable. To further test site specificity, we 

also assessed the effects of dorsal hippocampal lesions (Figure S5B), and found that they did 

not affect freezing to 10% CO2, nor did they lead to jumping (Figure 3B), though consistent 

with previous observations, hippocampus lesions increased overall locomotion [34] (Figure 

S4). Thus, among the three sites tested, both BNST and amygdala lesions altered CO2-

evoked freezing, whereas only amygdala lesions led to jumping in 10% CO2.

3.4 The dorsal periaqueductal gray (dPAG) is critical for jumping responses to CO2 in 
amygdala-lesioned mice.

We next sought to determine whether the dPAG might be required for the CO2-evoked 

jumping in the amygdala lesioned mice. Electrical activation of the dPAG can evoke panic-

like attacks in humans [35, 36] and defensive behaviors such as jumping in rodents [37–39]. 

Recent studies have further probed the role of the dPAG using optogenetics, suggesting 

dPAG neurons encode escape behavior [7, 40, 41]. To test the role of the dPAG in CO2-

induced jumping, we electrolytically lesioned both the amygdala and dPAG (Figure S5C), 

and compared the behavioral responses to 10% CO2 in these mice to previously tested 

amygdala-lesioned and sham control mice (Figure 1B, 1C). The mice with both amygdala 

and dPAG lesions were run under similar conditions, although a potential limitation is that 

these mice were not run concurrently. Unlike amygdala-lesioned mice who jumped robustly, 

mice with both amygdala and dPAG lesions rarely jumped in 10% CO2 (Figure 4B), 

although similar to mice with amygdala lesions alone, freezing was reduced compared to 

sham controls (p = 0.0005) (Figure 4A). Neither amygdala lesions nor dPAG lesions alone 

altered general locomotor activity in the open field (Figure S4), suggesting that the reduction 

in jumping did not arise from altered locomotion. Together, these data implicate the dPAG as 

a key brain site underlying CO2-evoked jumping in the absence of the amygdala.

4. Discussion

These results support key roles for the amygdala in CO2-evoked behaviors. Consistent with 

previous effects of amygdala lesions in humans [24], bilateral amygdala lesions in mice also 

altered defensive responses to CO2 by decreasing immobility (freezing) and increasing 

active (jumping) responses (Figure 1B, 1C). Two observations suggest that freezing and 

jumping are separable, and thus likely distinct phenomena: 1) unilateral amygdala lesions 

increased jumping without reducing freezing (Figure S3A, S3B) and 2) BNST lesions 

reduced freezing without precipitating jumping (Figure 3A) [14]. Furthermore, co-lesioning 

the dPAG dramatically reduced jumping but had no effect on freezing compared to mice 

with amygdala lesions alone (Figure 4B). Together, these observations suggest a pathway by 
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which the amygdala regulates downstream sites such as the dPAG to generate differential 

responses to rising CO2 and the impending threat of suffocation.

Humans who have undergone CO2 challenges report symptoms of panic such as intense 

emotional distress, fear of dying, and shortness of breath [10, 11, 24, 42]. Because we 

cannot know the subjective experience of a mouse, we cannot equate jumping with panic, 

however both likely represent species-specific extremes in the defensive response spectrum. 

Additionally, the shift towards more extreme defensive responses may not be readily 

revealed by all aversive stimuli. One of the individuals with amygdala damage (patient S.M.) 

studied in Feinstein et al., 2013, was presented with an array of aversive stimuli including 

naturalistic predator threats such as snakes and spiders [20] and unlike CO2, these stimuli 

failed to elicit fear or panic responses. Patient S.M. also failed to exhibit fear conditioning to 

a loud noise [21]. Similarly, in amygdala-lesioned mice, predator odor and fear conditioning 

failed to elicit the jumping response observed with CO2 (Figure 2A, 2B). We suspect the 

differences with CO2 may reflect an ability to more effectively engage the extreme end of 

the defensive response spectrum. Unlike most external threats, which animals detect through 

sensory cues (e.g. sight, sound, smell), inhaled CO2 is rapidly absorbed and elevated CO2 

concentrations and the associated acidosis can directly stimulate pH sensitive neurons in the 

brain and elsewhere [13, 14, 43]. However, because many threats induce fight or flight, we 

speculate that amygdala damage might also enhance defensive responses to other threats in 

addition to CO2 and it will be particularly important to determine if there are distinctions in 

the role of the amygdala between external and internal stimuli or between stimuli that induce 

acidosis and those that do not modulate brain pH. Consistent with a role for the amygdala in 

modulating other extreme defensive responses, patients with amygdala lesions have been 

noted to experience spontaneous panic attacks [44], as well as panic symptoms following 

injection of isoproterenol, a β-adrenergic agonist thought to stimulate cardiorespiratory 

interoception [45].

A shared limitation of the mouse and human studies is that they do not allow us to pinpoint 

the specific circuits, cell types, and molecules responsible for the CO2-evoked defensive 

responses. The amygdala projects to and may regulate numerous downstream sites such as 

the extended amygdala, hypothalamus, respiratory brainstem, and PAG [46]. Consistent with 

this regulation, recent studies in humans suggest brainstem chemosensory areas can be 

inhibited by the amygdala [47–49]. Dysregulation of one or more of these areas may 

contribute to the observed behavioral effects. Our results suggest the BLA regulates dPAG 

function to oppose CO2-evoked jumping. The BLA has been suggested to regulate dPAG 

function through at least two circuits, e.g. via connections to the central amygdala and via 

the lateral hypothalamus. These structures project directly to the PAG and recent work has 

identified neuron populations in both the central amygdala and lateral hypothalamus that are 

involved in active defensive responses to other aversive stimuli [7, 8, 50]. Thus, assessing 

effects of CO2 on these neurons would be very informative.

The physiological and behavioral effects of CO2 are thought to be largely mediated by 

acidosis, thus some of the numerous pH-sensitive molecules expressed in the brain are likely 

involved [12, 51, 52]. Recent work has implicated two pH-sensitive receptors, acid-sensing 

ion channel-1A [13, 14] and T cell death-associated gene-8 [15], in CO2-evoked freezing. 
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Future studies will be needed to determine whether these or other pH-sensitive receptors 

play a role in more extreme defensive responses evoked by CO2, such as jumping.

The observation that defensive responses evoked by CO2 escalated in both mice and humans 

with amygdala lesions suggests the amygdala plays a critical role in gauging the appropriate 

magnititude of defensive responses. In life threatening situations, fight or flight responses 

are adaptive, but when these extreme defensive responses occur in the absence of serious 

threat, they are maladaptive, as in panic disorder or post-traumatic stress disorder (PTSD). 

MRI studies of individuals with panic disorder and PTSD have reported changes in the 

volume and the function of both the amygdala and PAG [53–57]. Combined with these 

observations, our results support the possibility that amygdala and dPAG dysfunction may 

lead to exaggerated and maladaptive defensive responses in these illnesses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Amygdala lesions alter CO2-evoked behaviors.
A) Diagram [58] showing size and location of the largest (red) and smallest (blue) amygdala 

lesions. B) Amygdala lesions reduce CO2-evoked freezing. ANOVA revealed an interaction 

between CO2 concentration and lesion status (F(2,57) = 7.382, p = 0.0014, n = 15, 7, 18, 10, 

6, 6). Planned contrast testing revealed that amygdala lesions reduce freezing to both 10% 

(***p = 0.0004) and 20% CO2 (*p = 0.0481). C) Amygdala lesions elicit 10% CO2-evoked 

jumping. ANOVA revealed an interaction between CO2 concentration and lesion status 

(F(2,57) = 5.248, p = 0.0081. Planned contrast testing revealed that mice with amygdala 

lesions exhibit increased jumping in response to 10% (***p < 0.0001) but not 20% (p = 

0.9709) CO2, and that sham controls jumped more in response to 20% CO2 than 10% CO2 

(p = 0.0066).
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Figure 2: Amygdala-lesioned mice do not jump to an auditory conditioned stimulus or a 
predator odor.
A) Amygdala lesions greatly attenuate conditioned freezing to a tone that had been 

previously paired with footshocks (t(34) = 5.676, ***p < 0.0001, n = 18/group). However, 

exposure to this tone does not elicit jumping (p > 0.9999). B) Amygdala lesions do not alter 

freezing in response to the predator odor TMT (t(11) = 0.3492, p = 0.7336, n = 6, 7), nor do 

they elicit jumping.
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Figure 3: BNST and hippocampus lesions do not elicit 10% CO2-evoked jumping.
A) As previously reported [14], BNST lesions reduce 10% CO2-evoked freezing. However, 

BNST lesions do not elicit 10% CO2-evoked jumping. ANOVA revealed an interaction 

between CO2 concentration and lesion status (F(1,49) = 7.56, p = 0.0083, n = 15, 9, 18, 11). 

Planned contrast testing revealed that BNST-lesioned mice freeze less than sham-lesioned 

mice in 10% CO2 (**p = 0.0032). However, ANOVA revealed no effect of CO2 

concentration on jumping (F(1,49) = 1.4, p = 0.2425), no effect of lesion (F(1,49) = 2.797, p 

= 0.1008), and no interaction (F(1,49) = 1.4, p = 0.2425). B) Hippocampus lesions do not 
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alter 10% CO2-evoked freezing behavior or elicit 10% CO2-evoked jumping. ANOVA 

revealed an effect of CO2 concentration on freezing (F(1,43) = 253.2, p < 0.0001, n = 15, 7, 

18, 7), but no effect of lesion (F(1,43) = 0.0439, p = 0.8350), and no interaction (F(1,43) = 

0.5889, p = 0.5889). ANOVA revealed no effect of CO2 on jumping (F(1,43) = 3.14, p = 

0.0835), no effect of lesion (F(1,43) = 0.004056, p = 9495), and no interaction (F(1,43) = 

0.06299, p = 0.8030).
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Figure 4: dPAG lesions reduce jumping behavior in amygdala-lesioned mice.
10% CO2-evoked behavior of mice with both amygdala and dPAG lesions was compared to 

that of sham controls and mice with only amygdala lesions (from Figure 1). A) ANOVA 

revealed a difference in freezing among groups (F(2,35) = 11.35, p = 0.0002, n = 18, 10, 10). 

Planned contrast testing revealed that freezing in mice with both amygdala and dPAG lesions 

was less than in sham controls (***p = 0.0005) and similar to mice with only amygdala 

lesions (p = 0.3445). B) ANOVA revealed a difference in jumping among groups (F(2,35) = 

30.00, p < 0.0001). dPAG lesions greatly attenuated the CO2-evoked jumping seen in 

amygdala-lesioned mice (***p = 0.0005) and mice with both amygdala and dPAG lesions 

exhibited similar jumping as sham controls (p = 0.6950).
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