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Breathing high concentrations of carbon dioxide (CO2) can trigger panic and anxiety in
humans. CO2 inhalation has been hypothesized to activate neural systems similar to those
underlying fear learning, especially those involving the amygdala. Amygdala activity is
also upregulated by stress. Recently, however, a separate pathway has been proposed
for interoceptive panic and anxiety signals, as patients exhibited CO2-inhalation induced
panic responses despite bilateral lesions of the amygdala. This paradoxical observation
has raised the possibility that cortical circuits may underlie these responses. We sought
to examine these divergent models by comparing in vivo brain activation in unstressed
and chronically-stressed rats breathing CO2. Regional cerebral blood flow measurements
using functional Magnetic Resonance Imaging (fMRI) in lightly-anaesthetized rats showed
especially strong activation of the somatosensory cortex by CO2 inhalation in the
unstressed group. Strikingly, prior exposure to chronic stress occluded this effect on
cortical activity. This lends support to recent clinical observations and highlights the
importance of looking beyond the traditional focus on limbic structures, such as the
hippocampus and amygdala, to investigate a role for cortical areas in panic and anxiety
in humans.
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INTRODUCTION
DSM-V defines panic attacks as “A discrete period of intense fear
or discomfort, in which four (or more) of the enlisted symptoms
(such as sweating, chest pain, paresthesias, trembling, nausea
etc.), developed abruptly and reached a peak within 10 min”
(American Psychiatric Association et al., 2013). Inhaling car-
bon dioxide (CO2) induces an emotional response similar to
fear and panic attacks (Papp et al., 1997; Griez and Schruers,
1998). In healthy individuals inhaling high amounts of CO2

(20%) induces panic attacks (Forsyth et al., 2000). Panic disor-
der patients show panic response to even small doses of CO2

inhalation (Gorman et al., 1994). Patients with anxiety disorders
or a family history of anxiety disorder are also more suscepti-
ble to show panic response to CO2 inhalation (Coryell, 1997).
Inhaling hypercapnic gases, such as various concentrations of
CO2, has been hypothesized to trigger a biological alarm sys-
tem that has evolved to serve as a suffocation monitor (see
Preter and Klein, 2008 for a review) (Klein, 1993; Preter and
Klein, 2008). Earlier studies have tried to infer the neural cir-
cuit involved in this panic response. The hippocampus, amygdala
and cortex (Sakai et al., 2005; Ziemann et al., 2009) have all
been hypothesized to play a vital role in CO2-induced panic
response. Some studies suggest that the panic response is sim-
ilar to that caused by activation of the fear pathway (Gorman
et al., 2000). Moreover, the amygdala can act as a chemosensor

for pH changes, thereby regulating it’s response to CO2 inhalation
(Ziemann et al., 2009). Together these findings suggest a potential
role for the amygdala in CO2-induced panic response. However, a
recent study has reported CO2-induced panic response in human
patients with amygdala lesions arising from Urbach-Wiethe dis-
ease (Feinstein et al., 2013). This hints at a potential parallel
pathway for triggering intrinsic fear due to CO2-inhalation, pos-
sibly interoceptive in nature (see Critchley, 2005 for a review)
(Critchley, 2005).

Stress-related psychiatric disorders have been shown to cause
anxiety and enhanced fear responses in humans (Morgan III et al.,
1995; Groome and Soureti, 2004). Since it has been hypothe-
sized that panic response is similar to that caused by activa-
tion of the fear pathway, stress might show an influence on
the panic response caused by CO2 inhalation. However, little is
known about the interaction between stress and CO2-inhalation.
Strengthening of the structural and physiological basis of synaptic
connectivity in the amygdala has been implicated in chronic stress
induced increase in anxiety and fear (Mitra et al., 2005; Suvrathan
et al., 2014). However the fact that panic response due to CO2

inhalation involves the amygdala (Ziemann et al., 2009), but can
also occur without amygdalar involvement (Feinstein et al., 2013),
making it an intriguing case for further investigation. Therefore,
we performed functional Magnetic Resonance Imaging (MRI)
during the inhalation of CO2 in lightly-anaesthetized rats that
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were either unstressed or previously exposed to 10 days of chronic
stress.

MATERIALS AND METHODS
EXPERIMENTAL ANIMALS
Twelve adult male Wistar rats (Trinity College Dublin
BioResources Unit) weighing 270–300 g were used in the
study. The animals were housed in groups of two. Animals were
kept on a 12/12-h light/dark cycle and had access to water and
a standard diet ad-libitum. All experiments were conducted
in accordance with protocols approved by the Animal Ethics
Committee of Trinity College, Dublin. These procedures were
licensed by the Irish Department of Health and Children.

STRESS PROTOCOL
The behavioral stress protocol has been described in several stud-
ies (Mitra et al., 2005). Briefly, rats were randomly assigned to
experimental groups—stressed or unstressed. Rats in the stressed
group were subjected to a chronic immobilization stress (CIS)
paradigm. The CIS paradigm consisted of complete immobiliza-
tion for 2 h per day (before noon) in rodent immobilization bags
without access to either food or water, for 10 consecutive days.
On the 11th day the rats were subjected to the CO2 inhalation test
(Figure 1B).

ANIMAL PREPARATION
All animals were anaesthetized with 5% isoflurane (Isoflo, Abbott,
Queenboro, England) in oxygen (1 L/min) and maintained with
1.5–2% isoflurane. The level of anesthesia was regularly moni-
tored throughout the procedure using the pedal withdrawal reflex
to toe pinch. Tail vein blood was collected just after anesthetiz-
ing the rats as well as at the end of the experiment, to obtain
blood gas samples. These samples were used to measure the
concentration of carbon dioxide in blood before and after the
experiment. We found no change in carbon dioxide concentration
in the blood before and after the experiment. After the collection
of samples the animals were placed prone in a Plexiglas cradle
with a three point-fixation system (tooth-bar and ear pieces).
Temperature was maintained constant at 37◦C using a warming
surface controlled by a water pump-driven temperature regula-
tor. The respiration signal was monitored using custom hardware
and software (SA Instruments Inc., Stony Brook, NY, USA). The
animals were then placed in a 7T, 30 cm bore animal MRI sys-
tem (Biospec 70/30, Bruker Biospin, Ettlingen, Germany) scanner
with a circular polarized 1H rat brain RF coil (Bruker, BioSpin). A
7 cm diameter volume coil was used for transmission of the CASL
and FLASH excitation pulses. Signal detection was performed
using a surface coil.

CO2-INHALATION PROTOCOL
CO2 was mixed with oxygen (hyperoxic) and the percentage com-
position was maintained using partial pressure of the two gases.
This mixture (1 L/min) replaced the oxygen supply. The amount
of CO2 was maintained at the levels of 0, 7, 10, 15, and 20% in
increasing order, with each concentration maintained for 5 min
before changing the concentration. Finally, the amount of CO2

was decreased to 0% (Figure 1B).

FIGURE 1 | The experimental design. (A) A schematic representation of
the experimental setup. (B) A diagrammatic representation of the
experimental plan. The animals were handled for 2 days, and then the
stressed rats were subjected to 2 h Immobilization Stress daily for a period
of 10 days. On day 11, the rats were subjected to CO2 inhalation test along
with Magnetic Resonance Imaging (MRI). A high-resolution structural scan
was carried out first. Then a continuous arterial spin labeling (CASL) scan
was carried out. During the scan for CASL the amount of CO2 in inhaled air
was varied stepwise as indicated in the diagram.

HIGH RESOLUTION ANATOMICAL SCANS
A rapid acquisition with relaxation enhancement (RARE)
(Hennig et al., 1986) high resolution anatomical scan (slice thick-
ness = 0.5 mm, TE = 36.7 ms, TR = 5.4595 s, FOV = 4 × 4 cm,
image matrix = 256 × 256, RARE factor = 4) was performed and
compared to a rat brain atlas in order to locate the slice with
optimal somatosensory cortex, motor cortex, hippocampus and
amygdala coverage (Figure 2A; Paxinos and Watson, 2005). This
imaging slice location (thickness = 2.0 mm) was then used for the
subsequent ASL sequence.

ARTERIAL SPIN LABELING (ASL) MRI SEQUENCE
The ASL sequence consisted of a 5-s preparation interval contain-
ing the inversion pulse, followed by a snap shot fast low-angle
shot (FLASH) image acquisition [echo time [TE] = 1.67 ms, rep-
etition time [TR] = 5.0 ms, flip angle [FA] = 20◦, bandwidth
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FIGURE 2 | Cerebral blood flow (CBF) pattern caused by inhalation of

CO2. (A) High resolution structural image of the slice acquired prior to
CO2 inhalation. (B) Coronal plate from “The rat brain in stereotaxic
coordinates” (Paxinos and Watson, 2005). Plate coordinates: −3.0 mm
from bregma. All the imaging was done in the corresponding coronal
slice plane. The region marked in yellow color represents mainly the
motor cortex and somatosensory cortex. (C) Baseline CBF before the
inhalation of CO2 of one of the animals. The colorbar represents the

intensity of signal in a.u., which is directly proportional to regional
cerebral blood volume (rCBV). The red circles show the carotid artery. (D)

Transient CBF pattern caused by the inhalation of CO2. (i) The CBF
during 20% CO2 inhalation and after removal of CO2. The colorbar
represents values in a.u., which is directly proportional to rCBV. (ii)

Subtracted images (activation—baseline) showing increased CBF only. (iii)

Increase in CBF normalized to the baseline CBF. (iv) Z-score pixel wise
(only pixels having z-score above 3 are represented here).

[BW] = 100 kHz, number of repetitions [NR] = 16, slice thick-
ness = 2.0 mm, number of slices = 1, field of view [FOV] = 3.0 ×
3.0 cm, matrix = 64 × 64, acquisition time = 5.082 s per repeti-
tion (Kerskens et al., 1996)]. Flow-induced fast adiabatic passage
of inflowing inverted arterial spins was performed using a rectan-
gular pulse. Inverted arterial spins then travel to the imaging plane
(Dixon et al., 1986; Kelly et al., 2009). The inversion pulse radio
frequency power (−22 dB) and offset frequency (−12 kHz) were
determined to give optimal perfusion contrast by achieving inver-
sion 2 cm proximal to the imaging plane. Control images with
the offset frequency reversed (12 kHz), in which inflowing spins
were left undisturbed, were also acquired, in an interleaved fash-
ion. Eight repetitions of each image type were acquired for signal
averaging using ParaVision 4.0 software (Bruker Biospin) for data
reconstruction and analysis. Each individual 5-min segment of
increasing CO2 concentration consisted of:

(i) Two minutes were given for the CO2 to reach the
animal and get inhaled after increasing the CO2

concentration.

(ii) Following this 2-min segment, 1.5 min were devoted to
doing the scans.

(iii) The final 1.5 min was provided for the animal to rest before
the next increase in CO2 concentration was initiated.

Ten minutes were provided for the animals to recover back to
baseline before scanning for the 0% CO2 concentration was done.
Then the next increase in concentration was started.

QUALITATIVE ASL DATA ANALYSIS
Arterial spin images were exported to TIFF format from the 2dseq
format (Bruker format, Bruker Biospin, Ettlingen, Germany)
using ImageJ (US. National Institutes of Health, Bethesda,
Maryland, USA) (Schneider et al., 2012). The exported images
were subsequently processed and analyzed using custom written
codes in MATLAB (MathWorks, Inc., USA). There were 4 scan
sessions for each CO2 concentration. For each scan session 16
images were captured, 8 images with spin labeling and 8 corre-
sponding control images. The two stacks were averaged and the
average labeled image was subtracted from the average control
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image to get a result image for the corresponding scan (Griffin
et al., 2010). The resulting images formed for each concentra-
tion were averaged to get the activation perfusion image at that
concentration. The baseline perfusion image (0% concentration
of CO2) was subtracted from the perfusion image at a certain
concentration to obtain the change in perfusion induced by the
CO2 inhalation. The change in perfusion image was normalized
to the baseline image, in a pixel-by-pixel manner, to obtain the
activation map due to CO2 inhalation (Figure 2D). The baseline
perfusion and the perfusion image at a particular concentration
were also used to calculate the z-score in a pixel-by-pixel manner.
These were then threshold at z-score of 3 (Figure 2Div).

QUANTIFICATION OF ASL DATA
The activation maps obtained by the method mentioned above
were quantified to obtain the activation area and activation inten-
sity. Intensity threshold was used in the baseline image to demar-
cate the brain slice. The number of pixels in the demarcated area
was counted to calculate the total slice area. All the pixels in the
demarcated area were used to calculate the root mean square noise
(RMS noise) for each image, using the formula:

RMSnoise =

√√√√∑n
i = 1 (Xi −

∑n
i = 1 Xi

n )
2

n

where n = total number of pixels, Xi is the intensity of each pixel.
Activation threshold was set at 2 × RMSnoise. Any pixel

having intensity more than the threshold was considered an
activated pixel. The normalized activation intensity was calcu-
lated by adding up the pixel intensities of all the activated pixels
(Figure 3D). The total activation area was calculated by counting
the number of activated pixels (Figure 3C). The activation inten-
sity per pixel was obtained by dividing the normalized activation
intensity with the activation area. The normalized activation area
was calculated by dividing total activation area with the total slice
area (Figure 3E).

STATISTICAL ANALYSIS
All statistical analysis was carried out using GraphPad prism
(GraphPad software Inc., La Jolla, CA, USA). All results are pre-
sented as mean ± SEM unless otherwise stated. Statistical anal-
ysis was performed using repeated measures Two-Way ANOVA,
unless otherwise stated. The post-hoc test performed was Holm–
Sidak’s test, unless otherwise mentioned. The criterion for
statistical significance was p < 0.05.

RESULTS
In the current study, we used two groups of animals—control
unstressed rats and rats that were subjected to 10 days of chronic
immobilization stress (2 h/day) (Figure 1B top; Materials and
Methods). The stressed animals showed a lack in bodyweight
gain as compared to the unstressed animals (Supplementary
Figure S1). This is in agreement with earlier studies confirming
the efficacy of the chronic immobilization stress protocol (Vyas
et al., 2002; Lakshminarasimhan and Chattarji, 2012). On the
11th day (i.e., 24 h after the end of the 10-day chronic stress
paradigm), both groups of rats underwent fMRI (Figure 1A;

Materials and Methods) during inhalation of varying levels of
CO2 (Figure 1A bottom; Materials and Methods). To this end we
focused on brain regions implicated in previous studies (Sakai
et al., 2005; Ziemann et al., 2009; Gozzi et al., 2010). Therefore, we
selected a brain slice that contained the amygdala, hippocampus
and somatosensory cortex (Figure 2A). We first obtained a base-
line perfusion map for the slice followed by a map during CO2

inhalation by the same rat (Figure 2C).

INHALATION OF CO2 TRIGGERS CORTICAL ACTIVATION
We observed an increase (15% relative to baseline) in perfusion
(i.e., cerebral blood flow) across the entire brain sliceduringCO2

inhalation in unstressed rats (Figure 2D). Moreover, the increase
in perfusion in the somatosensory cortex was greater (50% rela-
tive to baseline) than the whole-slice value. Thus, CO2-inhalation
led to increased cortical activity. This activity pattern was tran-
sient and disappeared on removal of CO2 from the breathing gas
mixture. Similar increases in perfusion have been reported due
to increase in activity of neurons following forepaw stimulation
(Griffin et al., 2010) suggesting that the increases we observe are
within normal physiological ranges. In addition to this threshold-
based analysis (Figures 2, 3) we also carried out an analysis based
on z-scores. This analysis further confirms cortical activation
CO2-inhalation (Supplementary Figure S2).

STRESSED RATS SHOW LOWER CORTICAL ACTIVATION ARISING FROM
CO2 INHALATION COMPARED TO UNSTRESSED RATS
Both stressed and unstressed rats show increased cortical activa-
tion due to CO2-inhalation. However, the activation patterns are
markedly different between the groups. The overall activation is
less for the stressed group (Figure 3B, Supplementary Figure S2)
and this pattern was evident across all CO2 concentrations tested
(7, 10, 15, and 20%).

QUANTIFICATION OF ACTIVATION CAUSED BY CO2-INHALATION
We carried out a more detailed quantification of the changes in
activation pattern based on four parameters—normalized activa-
tion intensity, activation intensity per pixel, activation area and
normalized activation area. An activation threshold was used to
determine the activated pixels, which in turn were used to cal-
culate these parameters (Materials and Methods). We used the
normalized activation images for all the quantification, as these
images give a more direct measure of cerebral blood flow (CBF)
as compared to the z-score images (Griffin et al., 2010).

Normalized activation intensity is the sum of the normalized
(to the baseline perfusion) intensities of all activated pixels. A
high value for normalized activation intensity means high lev-
els of cerebral blood flow. We see significantly higher levels of
cerebral perfusion in unstressed rats compared to the stressed
rats (Two-way repeated measures ANOVA, factor: stress, p <

0.05) (Figure 3D). The significant difference holds for all the
CO2 concentrations used (post-hoc Holm–Sidak’s multiple com-
parison test). Further, while unstressed rats show a significant
decrease (p < 0.0001) in perfusion on removal of CO2 (post-hoc
Sidak’s multiple comparison test), stressed rats do not exhibit
this decrease on removal of CO2. There were no dose-dependent
differences in perfusion for either unstressed or stressed rats.
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FIGURE 3 | CO2 induced dose dependent CBF in stressed and unstressed

animals. (A) Baseline CBF before the inhalation of CO2. The left image is
from an unstressed animal and the right is from a stressed animal. The
colorbar represents the intensity of signal in a.u., which is directly
proportional to regional cerebral blood volume (rCBV). (B) Dose dependent
response to CO2 inhalation. Each image represents the activation (increase in
CBF normalized to the baseline) due to the inhalation of indicated percentage
of CO2. (i) Represents images from an unstressed animal. (ii) Represents
images from a stressed animal. (C–E) Quantification of response to CO2

inhalation in unstressed (N = 6) and stressed (N = 6) animals. (D)

Normalized activation intensity (which is directly proportional to increase in

cerebral blood flow normalized to baseline cerebral blood flow) in response to
CO2 inhalation. There is a significant effect of stress (p = 0.0261) and CO2
inhalation (p < 0.0001). The response of unstressed and stressed rats is
significantly different for all the concentrations CO2. (C) Activation area in
response to CO2 inhalation. There is a significant effect of stress (p = 0.0404)
and CO2 inhalation (p < 0.0001). The response of unstressed and stressed
rats is significantly different for 10 % and 15% concentrations of CO2. (E)

Activation area normalized to the total slice area in response to CO2

inhalation. There is a significant effect of stress (p = 0.0264) and CO2

inhalation (p < 0.0001). The response of unstressed and stressed rats is
significantly different for all the concentrations of CO2.

Activation intensity per pixel is the activation intensity nor-
malized to the number of pixels in the slice. This is a measure
of perfusion density, i.e., perfusion per pixel. We did not see
any significant difference in perfusion density between unstressed
and stressed rats (data not shown). However, perfusion density
does decrease significantly after the removal of CO2 only in the
unstressed rats (p < 0.05).

Activation area is the total brain area activated due to CO2

inhalation. We see a significantly higher activation area in
unstressed, compared to stressed, rats (Two-Way repeated mea-
sures ANOVA, factor: stress p = 0.0404) for 10% and 15%
CO2 (Figure 3C). There is no significant difference for the

other concentrations (post-hoc Holm–Sidak’s multiple compar-
ison test). Further, unstressed rats show a significant decrease
in activation area on removal of CO2, whereas the stressed rats
do not show a significant decrease after CO2 removal (post-hoc
Sidak’s multiple comparison test). There was no dose-dependent
difference in activation area for either unstressed or stressed rats.

Normalized activation area is the total area activated due to
the inhalation of CO2 normalized to the total slice area. We see
a significantly higher activation area in unstressed, compared to
the stressed, rats (Two-way repeated measures ANOVA, factor:
stress p-value = 0.0264) (Figure 3E). The significant difference
holds for all the concentrations applied (post-hoc Holm–Sidak’s
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multiple comparison test). The unstressed rats show a significant
decrease in normalized activation area on removal of CO2, but
the stressed rats do not show any significant decrease (post-hoc
Sidak’s multiple comparison test). There was no dose-dependent
difference in normalized activation area for either unstressed or
stressed rats.

Taken together, two patterns of difference emerge between
control and stressed rats. First, inhalation of CO2 elicits an
increase in all parameters, except perfusion density, in unstressed
rats compared to their stressed counterparts. Second, removal of
CO2 leads to a reduction in all the parameters in unstressed, but
not stressed, rats. This might be due to the fact that the stressed
animals do not show much activation due to CO2 in the first
place.

DISCUSSION
CORTICAL ACTIVATION INDUCED BY CO2-INHALATION
The present study is one of the first attempts to look at the con-
sequences of two very different types of perturbations that trigger
strong emotional effects and how they interact at the level of
in vivo neural activity in the intact brain, normally, CO2 inhala-
tion and how these effects interact with exposure to chronic stress.
The most striking finding is that CO2 inhalation causes a dis-
tinct cortical activation. However we were not able to detect any
activation in the amygdala.

We observed an increase in CBF (15% relative to the base-
line) across the slice. This maybe due to a systemic response
caused by the vasodilatory effect of CO2. Earlier studies have
reported similar levels of CBF change (less than 10%) due to
vasodilatory effects of CO2 inhalation in humans (Gambhir et al.,
1997). However, the activation was the most pronounced in the
somatosensory cortex (Figures 2B,D). Similar levels of increase
in cerebral blood flow has been obtained due to increases in neu-
ronal activity in earlier studies (Griffin et al., 2010). Therefore
we observe activation of the somatosensory cortex due to CO2

inhalation. It is interesting to note that the somatosensory cor-
tex has ASIC1 channels (Wemmie et al., 2003) which can act
as chemosensor to CO2 and pH changes (Chung et al., 2010).
Moreover, CO2-inhalation is known to trigger the trigeminal
pathway (Wang et al., 2010), and human studies have reported
activation of somatosensory cortex among other brain regions
due to intranasal trigeminal function (Albrecht et al., 2010).

The primary somatosensory cortex has direct projections to
the hypothalamus (Killackey and Sherman, 2003), which plays
a pivotal role in maintaining body homeostasis (Williams et al.,
2001) and control of the autonomic nervous system (Wang et al.,
2007). Interestingly, the somatosensory cortex also projects to the
nucleus raphé magnus and periaqueductal gray (Bragin et al.,
1984; O’Hearn and Molliver, 1984). While the raphe nucleus is
involved in both fear responses (Kiser et al., 1980) and respira-
tory control (Sessle et al., 1981), the periaqueductal gray mediates
defensive behavior (Bittencourt et al., 2005; Schenberg et al.,
2005) panic anxiety (Jenck et al., 1995; Schenberg et al., 2001)
and suffocation (Kumar et al., 1997) among other autonomic
responses. It has been hypothesized that the suffocation alarm
system is located within the periaqueductal gray matter (Schimitel
et al., 2012). Furthermore, key elements of the panic responses

(e.g., increased heart rate, hyperventilation, increased perspira-
tion, etc.), are controlled by the autonomic nervous system (Stein
and Asmundson, 1994). Therefore, somatosensory cortex is well-
positioned to serve as a possible candidate substrate to support,
and perhaps initiate, the interoceptively-driven panic alarm trig-
gered by CO2 inhalation. It also provides a possible candidate
for an alternative pathway for fear and anxiety processing driven
by interoceptive stimuli. In this connection, it is interesting to
note that using a rat model of near-death experiences caused by
cardiac arrest (Borjigin et al., 2013) have reported increase in cor-
tical EEG gamma oscillations. Since prolonged hypercapnia also
causes death, our findings highlight the need for further studies to
determine the underlying oscillatory nature, if any, of the cortical
signals associated with panic caused by CO2 inhalation.

OCCLUSION OF CO2-INDUCED INCREASE IN CORTICAL ACTIVITY BY
PRIOR EXPOSURE TO STRESS
Panic attacks are more persistent in depression and stress-related
psychiatric disorders (Nixon and Bryant, 2003), suggesting com-
mon or convergent pathways. The link between chronic immo-
bilization and depression-like behavior has also been reported
in rats and transgenic mouse models (Govindarajan et al., 2006;
Suvrathan et al., 2010). Interestingly, we find that prior expo-
sure to chronic stress occludes the effects of CO2 inhalation,
which is manifested as a smaller change in cortical cerebral blood
flow compared to unstressed animals (Figure 3B, Supplementary
Figure S2). This might arise for two reasons. First, the somatosen-
sory cortex in stressed subjects might be desensitized. The base-
line activity might already be very high in stressed subjects,
possibly approaching saturation, leaving little room for further
enhancement by CO2 inhalation. Stress might also down regulate
several signal transduction mechanisms implicated in CO2 detec-
tion (Sun et al., 2009; Wang et al., 2010). This could explain the
relatively small increases induced by CO2 inhalation in stressed
rats. Second, since we monitored cerebral blood flow, the lack of
increase in activity might also imply a low cerebrovascular reserve
capacity (Gambhir et al., 1997). However, our analysis shows that
the decrease in activity results mainly from decreases in the active
area rather than change per unit area (Figures 3C–E). This makes
the first explanation more plausible.

The results presented here also raise the possibility that CO2

inhalation affects neural activity distributed across neural net-
works that have not been the traditional focus of rodent models
of stress, anxiety and panic responses. The fact that we found
no detectable changes within the amygdala does not rule out
the possibility that projections from this structure to other brain
areas, such as the somatosensory cortex, are not affected by the
perturbations (stress and CO2 inhalation) used here. Indeed,
growing evidence points to stress-induced modulation of con-
nectivity between brain areas affected by repeated stress. For
instance, a recent study (Ghosh et al., 2013) has shown that
functional connectivity from the lateral amygdala to hippocam-
pal area CA1 grows stronger, while directional coupling from
area CA3 to CA1 within the hippocampus become weaker after
chronic stress. Another study (Commins and O’Mara, 2000)
found that stress facilitates the induction of long-term depres-
sion in the output regions of the hippocampal formation, thereby
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causing an effective decrease in connectivity. Future studies will
be required to analyze how the spatiotemporal dynamics of inter-
actions between cortical and subcortical areas give rise to brain
activity changes seen following CO2 inhalation and consequent
panic attacks.

Finally, our results using a rodent model are consistent with
a recent report that, in humans, the internal threat signaled by
CO2 can indeed elicit fear and panic despite the absence of an
intact amygdala (Feinstein et al., 2013). This has led to the sug-
gestion that CO2 might engage interoceptive afferent sensory
pathways, which are distinct from pathways activated by exte-
roceptive stimuli. Furthermore, CO2 and pH-sensitive chemore-
ceptors are present in many brain areas outside the amygdala
including the somatosensory cortex (Wemmie, 2011). Thus, the
increased activity seen in the cortex may also be due to direct
activation by CO2.

CONCLUSION
A preponderance of prior evidence suggests that the panic
response is mediated via an amygdalar fear pathway. However,
a recent study suggests the presence of alternate and collateral
pathways mediating fear and panic (Feinstein et al., 2013), inde-
pendent of the amygdala under CO2 challenge. Here we imaged
regions of the brain thought to play an important role in the
panic response using CO2 challenge after stress induction. We
found widespread changes cortical activation in unstressed ani-
mals, paradoxically not present in chronically-stressed animals,
presumably because prior stress has already saturated cortical
responsivity.
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