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ABSTRACT

BACKGROUND: Carbon dioxide (CO,) inhalation, a biological challenge and pathologic marker in panic disorder,
evokes intense fear and panic attacks in susceptible individuals. The molecular identity and anatomic location of
CO,-sensing systems that translate CO,-evoked fear remain unclear. We investigated contributions of microglial acid
sensor T cell death-associated gene-8 (TDAG8) and microglial proinflammatory responses in CO,-evoked behavioral
and physiological responses.

METHODS: CO,-evoked freezing, autonomic, and respiratory responses were assessed in TDAG8-deficient () and
wild-type (*/*) mice. Involvement of TDAGS-dependent microglial activation and proinflammatory cytokine interleukin
(ID-1p with CO,-evoked responses was investigated using microglial blocker, minocycline, and IL-1f antagonist
IL-1RA. CO,-chemosensitive firing responses using single-cell patch clamping were measured in TDAG8™~ and
TDAG8""* mice to gain functional insights.

RESULTS: TDAG8 expression was localized in microglia enriched within the sensory circumventricular organs.
TDAG8™~ mice displayed attenuated CO,-evoked freezing and sympathetic responses. TDAG8 deficiency was
associated with reduced microglial activation and proinflammatory cytokine IL-1f within the subfornical organ.
Central infusion of microglial activation blocker minocycline and IL-1p antagonist IL-1RA attenuated CO,-evoked
freezing. Finally, CO,-evoked neuronal firing in patch-clamped subfornical organ neurons was dependent on acid
sensor TDAGS8 and IL-1p.

CONCLUSIONS: Our data identify TDAG8-dependent microglial acid sensing as a unique chemosensor for
detecting and translating hypercapnia to fear-associated behavioral and physiological responses, providing a novel

mechanism for homeostatic threat detection of relevance to psychiatric conditions such as panic disorder.
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Fear encompasses threat-associated behavioral and physio-
logical responses crucial to survival. Most of our current
biological understanding of fear genesis comes from studies
in which animals are exposed to exteroceptive aversive stimuli
such as pain or predator exposure (1,2). Fear responses also
can be evoked by stimuli producing an internal threat to
homeostasis and imminent danger to survival. A widely
studied interoceptive stimulus, carbon dioxide (CO,) inhala-
tion, produces intense fear, autonomic, and respiratory
responses that can evoke panic attacks. In humans, CO,
sensitivity lies on a continuum (3), with panic disorder (PD)
patients being highly sensitive to low CO, doses, whereas
healthy volunteers experience panic-like symptoms only at
higher concentrations (4,5). In the extracellular space, CO,
combines with water to produce protons, leading to systemic
acidosis (6,7), which is responsible for the panicogenic effects
of CO.. Prior studies indicate that acid-sensing ion channels in
the amygdala contribute to CO,-evoked fear responses (8).
However, recent studies in patients with amygdala damage

resulting from Urbach-Wiethe disease indicate that the amyg-
dala is not required for the expression of fear and panic to CO,
inhalation (9), suggesting that distinct chemosensory systems
may exist for homeostatic threats such as CO, that may not
engage traditional fear mechanisms.

Microglia, innate immune cells of the central nervous sys-
tem (CNS) (10), are recruited in physiological responses to
homeostatic fluctuations (11). Microglia transform rapidly from
a resting to a proinflammatory activated state on sensing
subtle imbalance in ionic homeostasis (12,13), in accordance
with their role in maintenance of the CNS microenvironment.
Extracellular acidification induces rapid alteration in microglial
morphologic features and actin integrity (14,15), suggesting
their potential engagement in the effects of acidotic
stimuli such as CO,. This study addresses possible mecha-
nisms responsible for generation of panic-relevant fear
responses, focusing on the T cell death-associated gene-8
(TDAGS), an acid-sensing G-protein coupled receptor (16,17).
TDAGS is expressed in microglial cells resident in sensory
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circumventricular organs (CVOs). Sensory CVOs such as the
subfornical organ (SFO) are integrative sites lacking a blood-
brain barrier and have access to systemic and CNS compart-
ments for maintenance of homeostasis (18). Importantly, the
SFO has been identified as a site where interoceptive stimuli
can be sensed and relayed to panic-generating CNS areas
(19). Previous work associates the SFO with panic-like
responses to intravenous lactate (20,21). The SFO therefore
may be a primary locus for detecting interoceptive challenges
relevant to panic. Given the expression of microglial acid-
sensor TDAG8 in a panic-regulatory area, we investigated
potential recruitment of the receptor in CO,-evoked behavior
and physiological features. We hypothesized that acid-sensor
TDAG8-mediated microglial activation within the SFO contrib-
utes to the behavioral and physiological sequelae of CO,
inhalation. Our data suggest that acid-sensor TDAG8 acts in
the SFO to promote CO.-evoked behavioral (freezing) and
physiological (cardiovascular) responses via a mechanism
involving microglial activation and the proinflammatory cyto-
kine interleukin (IL)-1p.

METHODS AND MATERIALS

Animals

TDAG8™ mice, a generous gift from Dr. Owen Witte, Univer-
sity of California at Los Angeles, were generated on a BALB/c
background (22). All experiments reported here were per-
formed on 8- to- 16-week-old homozygous male mice carrying
wild-type (TDAG8*'™) or knockout (TDAG8™") allele. All behav-
ioral experiments were performed between 8 am and 1 pm
during the 12-hour light cycle. Study protocols were approved
by the Institutional Animal Care and Use Committees of
University of Cincinnati and Wright State University, in viva-
riums accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care.

Carbon Dioxide Behavior Studies

Experimental layout is shown in Figure 2A (details in the
Supplement). Mice were habituated to the CO, chamber for
10 minutes 1 day before the CO, challenge (day 0). On day 1,
mice were exposed to air and 5% and 10% CO, concen-
trations for 10 minutes, during which behavior was video-
taped. This CO, concentration range is translationally relevant
to challenge studies in humans (5). The following day (day 2),
animals were returned to the chamber for 5 minutes in the
absence of CO,. Freezing, defined as the complete lack of
movement except for respiration, was scored using the
FreezeScan software (CleverSys, Inc., Reston, VA) by a trained
observer blinded to genotype and treatment. After an initial
dose-response study, all subsequent experiments were con-
ducted using 5% CO..

Radiotelemetry Surgery and Recording

Mice were implanted with telemetric devices (PA-C20; Data
Sciences International, New Brighton, MN) to measure blood
pressure (BP) and heart rate. To assess responses to CO,
inhalation, the data were analyzed as response during CO,
inhalation minus average response 10 minutes before CO,
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inhalation. This is consistent with clinical studies in which
cardiovascular effects during CO, inhalation were analyzed
over baseline pre-exposure measurements (23). For measure-
ments during day 2 context exposure, delta of mean response
was calculated over baseline (average of 2 hours before entry
into the room) as described previously (24).

Whole-Body Plethysmography

Ventilatory parameters in unrestrained, nonanesthetized mice
were measured using whole-body plethysmography, as
described previously (25) with modifications. For setup and
data collection details, see the Supplement.

Drug Administration

Minocycline (10 pg/500 nL; Sigma-Aldrich, St. Louis, MO) was
administered intracerebroventricularly once daily for 4 days
before CO,-inhalation exposure. For the minocycline-IL-1p
experiment, IL-1 (5 ng/500 nL; R&D Systems, Minneapolis,
MN) was administered to minocycline-treated mice 20 minutes
before CO, inhalation. For IL-1f necessity and sufficiency
experiments, mouse recombinant IL-1RA [an endogenous
receptor antagonist that binds selectively to the IL-1 receptor
(IL-1R) and prevents signaling via this receptor (1.8 ng/2 ul;
R&D Systems)] or IL-1p itself (5 ng/500 nL) was administered
20 minutes before CO, or air inhalation, respectively. Doses
and duration of minocycline, IL-1RA, and IL-1p were adapted
from previous studies (26-28). For surgery details, see the
Supplement.

Immunofluorescence

Coronal brain sections were immunolabeled with primary
antibodies against green fluorescent protein (GFP) (1:3000;
cat. no. A-11122; Invitrogen, Grand Island, NY), anti-ionized
calcium binding adapter molecule (1:1000; cat. no. 234-003;
Synaptic Systems, Inc., Gottingen, Germany), anti-HuC/D
(1:200; cat. no. A-21271; Invitrogen), anti-glial fibrillary acidic
protein (1:1000; cat no. ab4674; Abcam, Cambridge, MA)
using standard immunofluorescence procedures (see the
Supplement for details).

Morphologic Analysis

Methodology to measure morphologic changes in microglia
after CO, inhalation was adapted from previous studies
(29,30). Flattened images from Z-stacks were examined using
Imaged software (National Institutes of Health, Bethesda, MD)
to quantify increased soma perimeter and attenuated micro-
glial branching complexity and process length (deramification)
that are parameters for assessing microglial activation. (For
details, see the Supplement.)

Measurement of Cytokines

Cytokine concentrations were measured using the Bio-Plex
Mouse Cytokine Assays (Bio-Rad, Hercules, CA). For details
on tissue collection, see the Supplement.

Slice Electrophysiology

Coronal SFO slices (300 pm) were used for whole-cell
patch clamp recordings of CO,-evoked neuronal firing as
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described (31). The chemosensitive response of a neuron was
determined by measuring the change in firing rate in response
to a hypercapnic acidotic solution of artificial cerebrospinal
fluid (@CSF) equilibrated with either 7.5% CO, (pH, 7.3) or 10%
COs (pH, 7.15). If the firing rate of a neuron increased by more
than 20%, it was deemed to be chemosensitive; otherwise, it
was classified as nonchemosensitive as described (31) (for
methodologic details, see the Supplement).

Data Analysis and Statistics

Data are presented as mean = SEM. Normality was tested
formally for all data and met assumptions of the statistical
tests being used. Animals were excluded from the analysis if
they were identified as outliers using Grubb’s analysis, had
unstable baseline recordings (telemetry), or were surgical
“misses” as identified by cresyl staining. Planned comparisons
were carried out using 2-tailed unpaired t tests to determine
statistical significance between genotypes. An analysis of
variance (ANOVA) was used for analysis of genotype and
treatment effects. Bonferroni’s post hoc analysis was applied
where main effects were significant. The multiple t test
analysis with Sidak-Bonferroni correction for multiple compar-
ison was used for analysis of cardiovascular data. See the
Supplement for details on electrophysiological and plethysmo-
graphic data analysis. p values less than .05 were considered

significant. Prism software was used for statistical analysis
(GraphPad Software, Inc., La Jolla, CA).

RESULTS

Acid-Sensor TDAGS Is Expressed on Microglia:
Expression in Sensory CVOs and Regulation by CO,»
Inhalation

Cells expressing GFP downstream of the TDAG8 promoter
were identified as microglia, verified by colocalization
with ionized calcium-binding adapter protein, but not with
HuC/D (neurons) or glial fibrillary acidic protein (astrocytes)
producing cells (Figure 1). GFP™Y°—jonized calcium binding
adapter molecule™® microglia were expressed predomi-
nantly in sensory CVOs, including the SFO (Figure 1), organ
vasculosum laminae terminalis (OVLT; Supplemental Figure
S1), and area postrema (Supplemental Figure S1). GFP™V®
cells were not evident in areas relevant to fear regulation such
as the amygdala, prefrontal cortex, and periaqueductal gray
(Supplemental Figure S2). TDAG8 promoter-controlled GFP
expression was increased significantly in the SFO 24 hours
after CO, inhalation (Figure 1I-K, unpaired t test, t;5 = 2.177;
p < .05 vs. air), but not in the area postrema or OVLT
(Supplemental Figure S1Q-R; p > .05 vs. air), suggesting
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Figure 1. (A-H) Microglia within the sensory circumventricular organ, subfornical organ (SFO), express acid-sensing T cell death-associated gene-8
(TDAGS) receptor. (I-K) Regulation after carbon dioxide (CO,) inhalation. (A) Using green fluorescent protein (GFP) knocked-in downstream of the TDAGS8
promoter, abundant expression was localized in the SFO. (B, D, F, H) Cellular phenotyping using triple immunohistochemistry revealed colocalization of GFP
with ionized calcium-binding adapter molecule (IBA1)-positive cells within the SFO, but not with (C, D) neuron-specific marker, HuC/D, or (G, H) astrocytic
marker, glial fibrillary acidic protein (GFAP). (I-K) Inhalation of 5% CO, evoked a significant upregulation of TDAG8 promoter-regulated GFP expression within
the SFO area. Representative images showing GFP-positive cells after (l) air inhalation and (J) CO, inhalation. (K) Quantification using ImageJ software
revealed a significant increase in GFP expression in the CO, group as compared with the air inhalation group. *p < 0.05 vs. air controls (n = 3 slices per
animal from 5 mice/group). Double-labeled GFP-IBA-1 cells (arrows) and single-labeled cells (arrowheads) are indicated. Scale bar = 20 um.
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selective CO,-evoked regulation of TDAG8 promoter activity
within the SFO and potential recruitment of the receptor in
CO, responses.

Attenuation of CO,-Evoked Freezing and Contextual
CO,-Conditioned Freezing in TDAG8-Deficient Mice

Freezing [an established measure of fear and panic-like
behavior in rodents (8,32)] was used to evaluate behavioral
responses to CO, in TDAG8™*/TDAG8™~ mice. After a CO,
dose-response challenge, freezing was reduced in TDAG8™~
mice relative to TDAG8'" littermates on day 1 (Figure 2B).
Two-way ANOVA revealed a significant main effect of geno-
type (F154 = 10.45; p < .05) and treatment (Fo54 = 91.36;
p < .05) with no genotype X treatment interaction (p > .05),
because both genotypes elicited higher freezing to 10%
relative to 5% CO,. Bonferroni post hoc tests revealed
significant differences between genotypes (p < .05) at both
CO, concentrations. Neither group froze during air inhalation
in the test chamber (Figure 2B). TDAG8 disruption does not
impact home cage or novelty-induced motor activity (33),
ruling out genotype-associated motor deficits. Fear evoked
by psychogenic threats (predator exposure, foot shocks),
neuroendocrine stress, or anxiety-like or nociceptive
responses were not affected by TDAG8 deficiency
(Supplemental Figure S3). Administration of bicarbonate (intra-
peritoneally) before CO, inhalation to minimize acidosis sig-
nificantly attenuated CO,-evoked freezing (Supplemental
Figure S4; tip= 4.584; p < .05 vs. saline), suggesting that
acidosis (H™) was required for CO,-evoked freezing.

Re-exposure to the testing context on day 2 evoked
significant freezing in TDAG8*/" mice with prior CO, exposure
(Figure 2C). This conditioned freezing response was blunted
significantly in TDAG8™~ mice. A significant genotype (two-
way ANOVA, Fis54 = 9.613; p < .05) and treatment (Fo54 =
23.84; p < .05) effect, but no genotype X treatment inter-
action (p > .05), was observed. Post hoc analysis revealed
significant differences between groups (p < .05). Negligible
freezing was observed if CO,-exposed mice were placed in a
neutral context on day 2 (p > .05) (Figure 2D), suggesting that
CO, evoked conditioned and not generalized fear.

Attenuated CO,-Evoked Sympathetic Responses but
Normal Ventilatory Responses in TDAG8-Deficient
Mice

Cardiovascular recordings via radiotelemetry revealed no
significant genotype differences in baseline BP, heart rate, or
motor activity (p > .05 vs. TDAG8''*; Supplemental Figure
S5). On exposure to 5% CO,, TDAG8"™* mice showed an
increase in BP over mean pre-CO, response that was
attenuated significantly in TDAG8™~ mice (Figure 2F).
Repeated-measures two-way ANOVA revealed a significant
effect of genotype (F170 = 20.13; p < .05), but no time or
genotype X time interaction (o > .05 vs. TDAG8*'*). CO,-
evoked bradycardia was not affected by genotype (Figure 2G)
(0 > .05 vs. TDAG8™™). No significant differences in activity
during CO5 inhalation were noted (Figure 2H). Re-exposure to
the context (day 2) elicited comparable increases in BP, heart
rate, and similar motor activity in TDAG8"" and TDAG8™~
mice (Figure 21-K; p > .05 vs. TDAG8™'™).

544

Microglial Acid Sensing Regulates CO,-Evoked Fear

Whole-body plethysmography revealed increased ventila-
tory rate when inspired air was switched from room air to 5%
CO,. Both genotypes exhibited similar hypercapnia-induced
increase in ventilatory rate of 100% to 150% (p > .05 vs.
TDAG8™"*; Supplemental Figure S6). Restoring room air (from
5% to 0% CO,) returned ventilatory rate to the initial values
in both genotypes. Thus, hypercapnic ventilatory responses
seem to be intact in TDAG8™~ mice.

TDAGS8 Gates CO,-Evoked Activation of Microglia in
the SFO

We next investigated TDAG8-mediated microglial activation
within the SFO immediately after CO,-inhalation. SFO ionized
calcium-binding adapter molecule™ cells primarily represent
microglia because 1) they exhibit distinctive arborized feat-
ures and morphologic changes to CO, inhalation consistent
with microglial activation, and 2) predominance of CD4510"
microglia (>95%) versus CD45"9" macrophages (<5%) was
observed by flow cytometry (Supplemental Figure S7). Thus,
myeloid cells within the SFO under basal conditions and after
mild hypercapnia predominantly represent microglia, not sys-
temic immune cells. As shown in Figure 3, only CO,-exposed
TDAG8** mice elicited an increase in soma size and reduced
process length and end points, accepted hallmarks of dera-
mified, activated microglia as compared with TDAG8™~ CO,
and air groups (Figure 3A-K). For soma size (Figure 3l), two-
way ANOVA revealed significant effects of genotype (F1,1s =
4.82; p < .05), treatment (Fy1s = 7.464; p < .05), and
genotype X treatment interaction (F1:1s = 6.40; p < .05).
For reduced process length (Figure 3J), two-way ANOVA
revealed significant effect of genotype (F11s = 5.98; p < .05)
and treatment (F4 15 = 7.68; p < .05). For reduced process end
points per cell (Figure 3K), two-way ANOVA revealed a
significant effect of genotype (F11s = 51.61; p < .05) and a
genotype X treatment interaction (F; 15 = 11.81; p < .05), but
no significant treatment effect (p > .05). Post hoc analysis
revealed significant differences between genotypes (p < .05).
Microglial cell numbers did not differ between groups
(Figure 3L; p > .05). TDAGS8 deficiency did not impact micro-
glial activation to other immunomodulatory agents such as
lipopolysaccharide (Supplemental Figure S8), suggesting
selectivity of TDAG8 to CO,-evoked microglial activation.
Consistent with selective TDAG8-associated microglial acti-
vation within the SFO, we observed no significant differences
(p > .05) in CO,-induced microglial changes in other CVOs
such as the OVLT or area postrema (Supplemental Figure S9).
Thus, TDAG8 gates CO,-evoked activation of microglia within
the SFO.

Microglial Activation and Inflammatory Cytokine IL-
13 Are Obligatory to CO,-Evoked Freezing

Given the association of TDAG8 with CO,-evoked behavior
and microglial activation, we next tested the requirement of
microglial activation in CO, responses. Central infusion of the
microglial blocker minocycline led to a significant attenuation
of CO,-evoked freezing only in TDAG8"™ mice (Figure 4A).
Two-way ANOVA revealed a significant effect of treatment
(F1,03 = 6.46; p < .05) and genotype (F1 03 = 18.34; p < .05).
Post hoc analysis revealed a significant treatment effect in

Biological Psychiatry October 1, 2016; 80:541-551 www.sobp.org/journal


www.sobp.org/journal

Microglial Acid Sensing Regulates CO,-Evoked Fear

Accimation | [ESECEITNNN | BT
Day 0 Day 1 Day 2
(B) (€) (D) -
60- Day 1 . 60- Day 2 60- ay
Q B ++ — = B ++ * —_ B ++
< 40- W -- " 340_ W -- '_' S 401 W --
£ — 2 . 2
N .ﬁ 1 ﬁ
o 201 $ 20- o 20
S S
(18 L [T
| 0-—*—*—#‘—-—
Air 5% CO, 10% CO, Air 5%CO, 10% CO, Exposure- Air CO, Air CO,
(E) Telemetry
5% CO
Surgery |———2|
10 min 10 min ] 10 min 10 min
Recover
v y 0 Day 1 Day 2
(F) . (G) 0 (H)
25 =/ +/+ —
.| . & g £ |+
£20 £ ¥ £ .50 E 10 bl
Davq E15 £ -100- 2
ay « | S
g 10 $ 150 B 80
< 5 < -200 =/ -/- >5
c T T T T T T T T T T '250 T T T T T T T T T T E '10
12345678910 12345678910 3 [123456780910
Minutes Minutes < Minutes
U ) (K)
80 =/ +/+ 400 | ++ —_
- = - ® = /- £
< 60 5 300 £30
Day 2 - -
V< Eg 5 200 5 20
& T S 10
< 20 < 100 :‘;
0 T T T T T T T T T T 0 T T T T T T T T T T E o
1234-5678910 12345678910 2_1012345678910
Minutes Minutes < Minutes

Figure 2. T cell death-associated gene-8 (TDAGS) disruption attenuates fear-associated responses to carbon dioxide (CO,) inhalation: (A-D) CO,-evoked
freezing behavior and (E-K) cardiovascular responses are shown. (A) Schematic of experimental design for measuring CO,-evoked freezing and conditioned
fear to CO, context. (B) A significant attenuation of freezing was observed in TDAGS8™~ mice after inhalation of 5% and 10% CO, on day 1 as compared with
TDAG8 ™" mice [n/group = 9,11,12(*'*), 8,10,11(77)]. (C) On day 2, significant attenuation of conditioned freezing to CO, context was observed in TDAG8™~
mice vs. TDAG8™* mice [n = 9,11,12(*'*), 8,10,11("")]. (D) Absence of generalized fear in TDAG8"/* and TDAG8™ mice exposed to CO, inhalation and
placed in neutral context 24 hours after exposure. Negligible freezing was observed in CO,-exposed mice, which was comparable with the air-exposed group.
n = 9,10,8,10. (E) Schematic of experimental design for measurement of CO,-evoked cardiovascular activation. Day 1 data represent 5% CO,-evoked
change in cardiovascular parameters (delta A) relative to mean response in context 10 minutes before inhalation. (F) CO,-induced elevation in blood pressure
(BP) was attenuated significantly in TDAG8™" vs. TDAG8"* mice (n = 5). (G) No significant difference in heart rate was observed between genotypes. (H)
TDAG8™"" and TDAG8™~ mice showed no differences in activity during CO, inhalation. Day 2 data represent cardiovascular response on exposure to context
alone, relative to baseline (defined as mean 2-hour response just before experimenter entry to the animal room). (I) For BP, a significant effect of time, but
no significant effect of genotype, was observed. (J) No significant effect on heart rate was observed. (K) Motor activity showed a significant effect of time
(b < .05), but no effect of genotype was observed. All data are mean + SEM. *p < .05 vs. TDAG8™*.
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Figure 3. Microglial activation within the subfornical organ after inhalation of 5% carbon dioxide (CO,) is dependent on T cell death-associated gene-8
(TDAGS) receptor. TDAG8™'* or TDAG8™~ mice were killed after 10 minutes of air or CO, inhalation. (A-D) Representative fluorescent images of ionized
calcium-binding adapter molecule 1 (IBA1)-labeled cells are shown. (E-H) Corresponding skeletonized illustrations constructed from maximum intensity
projections of images. (I) A significant increase in microglial soma perimeter was observed only in CO,-exposed TDAG8** mice vs. TDAG8™~ and air-
exposed groups. No significant differences were present in the air-inhalation cohorts. (J) Microglia process length showed significant differences between
genotypes and treatment effect. (K) Process end points per cell revealed a significant difference between genotypes, but treatment did not reach significance.
(L) No significant differences were observed in the number of microglia between air and CO, inhalation groups for both genotypes. All data are mean = SEM

from 3 slices/animal, n = 6. *p < .05 vs. other groups. Scale bar = 20 um.

TDAG8"* mice (p < .05). Minocycline had no significant
effects in TDAG8™™ mice (p > .05), likely because of the
absence of CO,-evoked microglial activation in these mice.
Minocycline treatment also reduced CO,-evoked microglial
activation in the SFO (Figure 4B). A significant reduction of
microglial soma size (t;o = 2.608; p < .05 vs. aCSF, unpaired
t test) and significant increase in process length (t;1 = 2.270;
p < .05 vs. aCSF) were observed. Collectively, these data
support recruitment of TDAG8-dependent microglial activation
in the expression of CO,-evoked freezing.

In response to physiological insults, microglia release
proinflammatory cytokines. Significantly reduced IL-1p con-
centrations were observed in the SFO of TDAG8™" mice
(Figure 4C; tg = 4.280; p < .05 vs. TDAG8™* mice, unpaired
t test). No significant genotype differences in proinflammatory
cytokines were observed in other brain regions such as OVLT
and amygdala (Supplemental Figure S10A; p > .05 vs.
TDAG8™*). Central infusion of IL-1p evoked significant freez-
ing in air-exposed TDAG8** and TDAG8™~ mice (Figure 4D).
Two-way ANOVA revealed a significant effect of treatment
(F1,41 = 20.1; p < .05), but no genotype or genotype X
treatment interaction (p > .05). Intracerebroventricular infusion
of the IL-1f antagonist IL-1RA resulted in a significant
attenuation of CO,-evoked freezing (Figure 4E; tg = 2.3;
p < .05 vs. aCSF, unpaired t test). Furthermore, IL-1f restored
freezing behavior that was attenuated in minocycline-treated
mice compared with CO,-exposed aCSF-treated mice
(Figure 4F; Fp29 = 8.424; p < .05, one-way ANOVA). Post
hoc analysis revealed that minocycline-IL-1p-treated mice
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were significantly different from minocycline-only-treated mice
(p < .05), but not with vehicle group. The increased freezing
response was not the result of IL-1p effects on sickness
behavior, because motor activity after IL-1f alone remained
unchanged for the duration of our behavioral measurement
(Supplemental Figure S10B; p > .05 vs. aCSF).

Microglial Acid-Sensor TDAGS8 Gates
CO>-Chemosensitive Firing Response of
SFO Neurons

Translation of microglial acid-sensing via TDAG8 to behavior
and sympathetic activation would require neuronal firing. We
hypothesized that SFO neurons would exhibit CO,-chemo-
sensitive responses, dependent on TDAG8 and IL-1p. Firing
rate responses of SFO neurons to hypercapnia were studied in
TDAG8™* and TDAG8™" mice using whole-cell patch clamp-
ing (Figure 5A, B). Exposure to 7.5% and 10% CO, increased
the firing rate of SFO neurons in TDAG8™™ slices, which
reversed on return to normocapnia. Similar measurements in
TDAG8™~ mice showed no change in firing rate of SFO
neurons to CO, (Figure 5B). The spontaneous firing rate was
increased significantly in TDAG8™** mice (Figure 5C, red bars).
Five of 9 cells (55%) for 7.5% and 6 of 13 cells (46%) for 10%
were CO, responsive. In contrast, no CO,-responsive SFO
neurons were observed in TDAG8™~ mice at either concen-
tration (7.5% CO,, 0/8; 10% CO,, 0/8; Figure 5C, black bars).
Unpaired t test revealed significant genotype differences
for 7.5% (t11+ = 3.314; p < .05 vs. TDAG8""") and 10% CO,
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Figure 4. Microglial activation and proinflammatory cytokine interleukin (IL)-
1B are associated with carbon dioxide (CO,) inhalation-evoked fear. (A)
Administration of minocycline (Mino) attenuates 5% CO,-evoked freezing in T
cell death-associated gene-8 (TDAG8)™* mice (n = 6-8). No significant effect
of Mino was observed in TDAG8™ mice (n = 6-8). A significant genotype and
treatment effect was observed. (B) CO,-evoked microglial activation in the
subfornical organ (SFO) of TDAG8*/* mice was reduced significantly in Mino-
treated mice. A significant reduction of microglial soma size (left panel) and a
significant increase in microglia process length (right panel) was observed (n =
6-7/group; 3 slices/animal). (C) A significant reduction in SFO IL-1p concentra-
tion was observed in TDAG8™" mice (n = 4). Other proinflammatory cytokines,
IL-6, and tumor necrosis factor alpha (TNFa) in the SFO were not significantly
different between genotypes (o > .05). (D) Sufficiency of IL-1p: central
(intracerebroventricular [icv]) infusion of IL-1p evokes significant freezing in air-
exposed TDAG8"™* and TDAG8™~ mice. Significant effect of treatment, but no
genotype differences, were observed (n = 8-14). (E) Necessity of IL-1p: central
(icv) infusion of IL-1RA (antagonist of IL-1p) before CO, inhalation significantly
attenuates freezing (n = 5). (F) Central IL-18 infusion restores CO,-evoked fear in
minocycline-treated mice (n = 7-16). Note: Lower magnitude of freezing in all
groups shown in (E) and (F) may be contributed by infusion of agents minutes
before behavior. All data are mean = SEM. *p < .05. aCSF, artificial
cerebrospinal fluid.

(t12 = 4.25; p < .05 vs. TDAG8'"). The lack of firing response
to hypercapnia in TDAG8™~ SFO neurons was not the result of
compromised neuronal integrity because similar membrane
properties were observed between genotypes (Supplemental
Figure S11A-C; p > .05). CO,-chemosensitive responses were
not TDAG8 dependent in other chemosensory areas such as
the locus coeruleus and area postrema (Supplemental
Figure 11D-E; p > .05). Importantly, IL-1RA significantly
attenuated CO,-evoked firing of SFO neurons (Figure 5D)
(ts = 3.602; p < .05 vs. TDAG8™/*, unpaired t test), underscoring
the necessity of IL-1p for CO,-evoked neuronal firing in the SFO.
Collectively, CO,-chemosensitve neuronal activation in the SFO
is dependent on microglial acid-sensor TDAG8 and IL-1p.

Biological
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DISCUSSION

Our results delineate a novel mechanism whereby an inter-
oceptive threat (CO,) elicits fear-relevant behavioral and
physiological responses via microglia. CO,-evoked responses
are mediated by a microglial acid-sensing G protein-coupled
receptor (TDAGS8) in the subfornical organ, a brain region
critical for monitoring the internal milieu. Microglial proinflam-
matory responses may constitute a unique chemosensory
system for the detection of homeostatic threats such as
CO, inhalation of relevance to panic pathophysiological
mechanisms.

The acid-sensing TDAG8 receptor is localized to microglia
in the sensory CVOs, areas strategically positioned near the
brain ventricular system to sense homeostatic fluctuations in
the body and brain (34). The SFO can detect circulating
cardiovascular and metabolic signals that influence the excit-
ability of single SFO neurons (35). Consistent with this study,
previous work links the SFO with panic-like responses to
intravenous lactate (20,21). The SFO may be a primary locus
for detecting interoceptive challenges relevant to panic.

TDAGS8 receptor deficiency led to attenuated CO,-evoked
freezing and sympathetic responses. Rising CO, concentrations
lead to acidosis, creating a state of homeostatic imbalance
resulting in defensive behavioral responses (6,8,32). CO»-evoked
freezing is not completely attenuated in TDAG8™~ mice, suggest-
ing additional acid sensors [such as the acid-sensing ion channel
1 in the amygdala (8) or acid sensing 5-HT neurons in the
periaqueductal gray (36)] also may contribute. Acid-sensing ion
channel 1 regulates CO,-evoked freezing at higher (10%) con-
centrations (8). TDAG8 may be a low-threshold CO, sensor
relevant to sensitized CO, responding observed in PD patients.
Higher prevalence of panic attacks at low (5%-7.5%) CO, is
observed in panic patients, whereas approximately 10% or
higher concentrations may affect healthy individuals (3). Having
multiple CO, sensors enables a broad-spectrum sensing system
that may detect a specific range of pH alteration (37).

In addition to evoking spontaneous responses during
inhalation, CO, also acts as an unconditioned stimulus to
produce conditioned freezing specific to exposure context, a
response attenuated in TDAG8™~ mice. CO,-evoked condi-
tioning response also is relevant to PD, because associative
learning following panic attacks results in fear and avoidance
of panic-associated contexts (38).

Heart rate or ventilatory responses to CO, are not affected
by TDAG8 deficiency. Modulation of pressor, but not heart
rate, responses by TDAG8 may result from a dissociation of
sympathetic and parasympathetic drives after CO,. Increased
BP to CO, results from an activation of the sympathetic
nervous system via central chemoreceptors, whereas changes
in heart rate are the result of a secondary reflex activation of
the parasympathetic nervous system via arterial baroreceptors
(39). TDAG8 does not seem to regulate ventilation [or respi-
ratory control may involve redundant mechanisms (40)]. Stud-
ies with acid-sensing ion channel 17~ mice and delta opioid
receptor’”~ mice (another model of panic-like responses)
also report intact ventilatory responses to CO, inhalation
(8,41). Compensatory mechanisms during development may
have contributed to the unaltered respiratory responsiveness
to COQ
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Figure 5. Carbon dioxide (CO,)-evoked fir-
ing of subfornical organ (SFO) neurons is
dependent on T cell death-associated gene-
8 (TDAG8) and interleukin (IL)-1p. (A) Repre-
sentative trace of an SFO neuron from a
TDAG8™* mouse showing an increase in
spontaneous firing rate on exposure to 7.5%
COs. The upper panel shows the time course
of the effect of 7.5% CO, on the integrated
firing rate. The lower panels show representa-
tive traces of spontaneous firing (a) before
and (b) during application of 7.5% CO,. (B)
Representative trace of an SFO neuron from a
TDAG8™~ mouse. Spontaneous firing rate did
not change in the presence of 7.5% CO.. The
lower panels show representative traces of
spontaneous firing (a) before and (b) during
application of 7.5% CO,. (C) Histogram sum-
marizing the effects of CO, on firing rate of
SFO neurons. Each bar represents the mean
+ SEM with n values (CO.-responsive neu-
rons/total neurons) shown. Spontaneous firing
rate was increased significantly in TDAG8**
mice on exposure to 7.5% and 10% CO, (red
bars). Negligible change in firing rate of any
TDAG8™~ SFO neurons (black bars) was
observed after exposure to 7.5% or 10%
CO,. (D) Mean change in firing rate during
exposure to 7.5% CO, in SFO neurons (left)
before and after application of IL-1f receptor
antagonist (right) IL-1RA in TDAG8"* mice
that show CO,-chemosensitive neuronal firing
responses in the SFO (n = 5). Traces shown in
(A) and (B) are from representative experi-
ments that were repeated at least 5 times.
All data are mean + SEM. *p < .05.


www.sobp.org/journal

Microglial Acid Sensing Regulates CO,-Evoked Fear

1 Acidosis 2
LTV Acid Sensor 4
| piH TDAG8 . O
1 H* 3
co, -;--» & e > )
inhalation | mijcroglia Microglial activation /A N\Neuron
1 IL-18 {
1
1 SFO Y

----------- » Freezing ---p Fear

Figure 6. Potential mechanism of

carbon dioxide (CO,)-evoked fear via
! microglial acid sensor T cell death-
: associated gene-8 (TDAGS8). (1)
I Acidosis (H) generated from CO,
is the likely chemosensory signal
because bicarbonate administration
attenuates CO,-evoked responses.
(2) Microglial acid sensing TDAGS8
receptor gates CO,-evoked activation
of microglia and neuronal firing
responses within the subfornical
organ (SFO) and is recruited in CO,-
evoked behavioral and cardiovascular

Cardiovascular
Regulatory Areas
Hypothalamus, PAG

manifestations of fear. In support, TDAG8-deficient mice have attenuated CO,-induced freezing and cardiovascular response, reduced microglial activation in
the SFO, and negligible neuronal firing responses to CO,. (3) Microglial activation participates in CO,-evoked fear because pretreatment with minocycline
attenuates freezing behavior, as well as microglial activation in the SFO. Proinflammatory cytokine interleukin (IL)-1p is the likely effector because IL-1RA
blocks CO,-evoked fear as well as CO,-induced firing of SFO neurons. Additionally, central IL-1p infusion is sufficient for evoking freezing response.
Consistent with these data, IL-1p rescues CO,-evoked fear in minocycline-treated mice and TDAG8™~ mice have a selective reduction of IL-1p in the SFO. (4)
CO,-evoked chemosensory neuronal firing rate in the SFO is ablated in TDAG8™" mice, suggesting that TDAGS8 acid sensing (and associated microglial
inflammatory response) may gate neuronal activation in the SFO. Neurons within the SFO have efferent projections to effector areas such as hypothalamus or
periaqueductal gray (43,44) that can regulate freezing and autonomic responses associated with fear. PAG, periaqueductal gray.

Our study outlines a microglial mechanism responsible for
CO, sensing and its translation to fear-relevant behavior.
Recruitment in CO, sensing is consistent with microglial tissue
surveillance and homeostatic regulation. Our observations of
rapid microglial activation in the SFO by CO, are consistent
with reports of rapid cell swelling and redistribution of actin
cytoskeleton of microglia exposed to acidosis in vitro (14,15).
Microglial responsivity to an imminent homeostatic survival
threat may occur rapidly. SFO microglia in TDAG8™~ mice
were not activated by CO, inhalation, suggesting that TDAG8
gates microglial activation. Furthermore, minocycline attenu-
ated CO,-evoked freezing in a TDAG8-dependent manner,
highlighting the necessity for TDAG8-associated microglial
activation in this effect. Moreover, minocycline treatment
attenuated microglial activation within the SFO, further sup-
porting the association of microglial activation with CO,-
evoked responses.

Our studies implicate IL-1p as an effector in microglial
TDAG8-mediated freezing to CO, inhalation. Physiological
responses to the proinflammatory cytokine IL-1p are mediated
primarily via the SFO (42). In agreement with selective effects
of CO, on TDAGS regulation and microglial activation in the
SFO, we observed an SFO-selective reduction of IL-1p in
TDAG8™~ mice. Restoration of CO,-evoked freezing in
minocycline-treated mice supplemented with IL-13 further
suggests that it acts downstream of microglial activation.
Importantly, antagonism of IL-1p attenuated CO,-evoked
freezing, suggesting that necessity and IL-1p infusion was
sufficient in evoking freezing in the absence of CO,. Finally,
CO,-evoked activation of SFO neurons (an effect abolished in
TDAGS8 ™~ mice) was dependent on IL-1p. Collectively, our data
strongly support SFO IL-1p as the primary effector in CO,-
evoked freezing.

Our study provides the first evidence of CO, chemosensing
within the SFO, representing a rostral extension of the
primitive brain stem CO, chemosensory system (3). Neuro-
anatomic studies have mapped direct efferent connections of
the SFO to principal effector sites such as the lateral and
dorsomedial hypothalamus (43) and the periagueductal gray
(44), established sites for cardiovascular control and freezing

Biological Psychiatry October 1, 2016; 80:541-551 www.sobp.org/journal

behavior, respectively. Consequently, CO,-mediated neuronal
activation in the SFO then may lead to behavioral and
cardiovascular responses to CO, inhalation. Selectivity of the
SFO in CO.-evoked effects is intriguing, especially given that
TDAGS8 expression is observed in other sensory CVOs. The
basis of this selectivity is not evident; however, differential
expression of carbonic anhydrase isoforms (45) between
CVOs may contribute to differences in the efficacy of proton
production from CO, impacting the dynamics of pH shifts
within CVOs. Although our data support the SFO as a pri-
mary site for CO, responses mediated by microglial TDAG8
receptor, future studies on SFO-targeted interventions are
warranted to establish this area further as a key acid-
chemosensory site relevant to panic.

Figure 6 illustrates a potential mechanism underlying
CO,-evoked responses via microglial acid sensor TDAGS.
Collectively, our findings are relevant to fear and panic
pathophysiology. The microglial TDAG8 acid chemosensory
system provides a homeostatic threat detection mechanism
housed in an area known for monitoring the internal milieu for
ionic imbalance. Existence of homeostatic chemosensory
systems distinct from psychogenic fear and stress modulatory
pathways is supported by expression of intense fear and panic
in Urbach-Wiethe patients with damaged amygdala (9). Acid-
base disturbances reported in PD patients (46,47) may recruit
TDAGS for translation to fear-associated responses. Although
direct analysis for TDAG8 gene polymorphism localized on
chromosome 14931-g32 in PD has not been undertaken,
linkage studies in probands with PD and phobias revealed a
significant association of chromosome 14 with the disorder
(48). Given the relevance of gene X environment interactions
in the development of CO, hypersensitivity (49), it would be
important to assess TDAG8 gene X environment interaction
effects on CO, sensitivity. Regulation of TDAG8-mediated
responses by drugs such as selective serotonin reuptake
inhibitors that impact panic symptoms and CO, sensitivity will
strengthen translational validity of this mechanism. Our data
also highlight a potential role for microglial activation and
inflammation in panic pathophysiologic mechanisms. Although
the contribution of innate immune processes in PD patients or
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its comorbidity with inflammatory conditions has not been
investigated systematically, a recent National Comorbidity
Survey-Replication study reported significantly high comor-
bidity of PD with conditions associated with inflammation such
as rheumatoid arthritis and chronic pain (50). Elevated proin-
flammatory cytokines were reported in PD (51), although more
recently, an association of proinflammatory markers with
anxiety disorders in general, but not specific to PD, was
reported (52). Alternatively, it is also possible that inflammation
in PD is a state-dependent, transient phenomenon that may be
difficult to capture in a clinical sample.

In conclusion, our data reveal a unique acid-chemosensory
mechanism gated by the acid-sensing TDAG8 receptor on
microglia within the subfornical organ, a site accessible to
systemic and central milieu. Active engagement of innate
immune cells in the detection of homeostatic pH threat may
provide novel mechanistic insights into the genesis of fear and
panic attacks.
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