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SUMMARY

Although pain-related excessive fear is known to be a key factor in chronic pain disability, which involves the
anterior cingulate cortex (ACC), little is known about the downstream circuits of the ACC for fear avoidance in
pain processing. Using behavioral experiments and functional magnetic resonance imaging with optoge-
netics at 15.2 T, we demonstrate that the ACC is a part of the abnormal circuit changes in chronic pain
and its downstream circuits are closely related to modulating sensorimotor integration and generating active
movement rather than carrying sensory information. The projection from the ACC to the dorsolateral and
lateral parts of the periaqueductal gray (dI/IPAG) especially enhances both reflexive and active avoidance
behavior toward pain. Collectively, our results indicate that increased signals from the ACC to the dI/IPAG

might be critical for excessive fear avoidance in chronic pain disability.

INTRODUCTION

Pain is a sensory and affective experience in response to actual
or potential tissue damage for survival in threatening situations.
Traditionally, pain processing in the brain is known to have a sen-
sory-discriminative dimension, which is based on the sensory
information of location, quality, and an affective-motivational
dimension, which establishes the unpleasantness and aversive
experiences of pain.' More recently, a fear-avoidance model
focused on contextual fear conditioning has been proposed to
explain individual differences in chronic pain disability.”? In
these models, the context of pain determines the level of fear
and the patient’s attitudes to “avoidance” or “confrontation.”
The persistence of pain-related fear can result in the generaliza-
tion of avoidance responses even in non-painful conditions,
leading to chronic pain disability. However, the neural mecha-
nisms underlying the fear avoidance of pain are poorly
understood.

Defensive behaviors against fear require the selection of
appropriate actions for an active or passive response. In the de-
fense cascade model, fight or flight is an active defensive
response to an imminent threat, enabling an organism to boost
energy supplies for movement.® By contrast, freezing is a pas-
sive defensive response to an uncertain threat in which the “fight
or flight” status is put on hold and motor function is halted to
detect a possible threat.® In other words, if the choice between
immediate avoidance and attack is difficult to determine, an
organism withholds action selection.” In particular, the periaque-
ductal gray (PAG) coordinates the integration of sensorimotor

functions to react to a threat® and serves as the hub for descend-
ing pain control.® The dorsolateral/lateral part of the PAG (dI/
IPAG) prompts active defensive responses, such as jumping
and running, whereas the ventrolateral part (vIPAG) produces
analgesia and passive defensive responses, such as freezing
and immobility.” However, research on the defensive behaviors
toward pain has been mostly focused on the freezing response
to footshock®; therefore, little is known about the active defen-
sive responses to pain.

Functional magnetic resonance imaging (fMRI) based on
blood-oxygenation-level-dependent (BOLD) signals is a nonin-
vasive neuroimaging technique for measuring whole-brain
activity. Since pain is a multidimensional experience with sen-
sory-discriminative, affective-motivational, and cognitive-evalu-
ative aspects involving multiple brain regions,’ systems-level
exploration is essential.’ In human fMRI studies, correlative
methods, such as functional connectivity, are powerful tools to
understand pain processing at the systems level,'® but they
show a limited ability to provide causal interpretation.’’ In
rodents, fMRI combined with optogenetics (ofMRI), a neuro-
modulation technique that uses light-sensitive ion channels or
pumps controlled by specific wavelengths, provide a unique op-
portunity for investigating downstream circuits in the whole
brain.'? Therefore, we aimed to understand neuroplasticity in
chronic pain by applying ofMRI to an animal pain model.

Here, we explored the function of the anterior cingulate cortex
(ACC) and its downstream circuits involved in the active defen-
sive responses in the context of pain chronification. We focused
on the ACC because it is a hub for the pain-related
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Figure 1. Effects of the optogenetic silencing of the ACC on pain-related behavior
(A and B) Schematic design for the experiment and experimental schedule for VGAT-ChR2 mice.
(C-E) The effect of ACC silencing on nociception (C), capsaicin-induced acute pain (D), and CFA-induced chronic pain (E); VGAT-ChR2 n = 6-7 and

littermate n = 4.
(F) Experimental schedule and schematic design for AAV-CaMKII-eArch.

(G and H) The effect of ACC silencing on nociception (G) and CFA-induced chronic pain (H); CaMKIl-eArch-eYFP n = 5-7 and CaMKII-eYFP n = 4. Cross denotes
significance levels compared with littermate or CaMKII-eYFP. (C paired t test, Da unpaired t test, Dc, E, G, and H two-way ANOVA.)

multidimensional experience.'® In rodent studies, chronic pain
changes the synaptic transmission in the ACC,'*'® and the
increased neural activity of the ACC engages in descending
pain facilitation and fear memory formation.'”° The ACC is
known to generate a teaching signal for the sources of danger
and predict future dangers.?’* Our results revealed that the
ACC and its downstream neural circuit are vulnerable to chronic
pain. Using ofMRI at an ultrahigh field of 15.2 T, we determined
that the function of the ACC is closely related to sensorimotor
integration and movement generation. In particular, the ACC
has numerous inputs into the dI/IPAG, and the ACC-dI/IPAG
circuit modulates both reflexive and active avoidance responses
to noxious stimuli.

RESULTS

The ACC is a part of the neural circuits associated with
pain-induced neural plasticity

To examine the role of the ACC in pain processing, we observed
pain-related behaviors during ACC silencing (Figure 1). The
silencing of the ACC pyramidal neurons was induced by acti-
vating inhibitory interneurons or suppressing excitatory
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pyramidal neurons (Figures 1A and 1F). We used transgenic
mice expressing channelrhodopsin2 (ChR2) under the vesicular
GABA transporter promoter (VGAT) in GABAergic interneurons
(VGAT-ChR2 mice) to depolarize interneurons with light
(473 nm) (Figures 1A-1E) or an adeno-associated virus (AAV) ex-
pressing archaerhodopsin (Arch) under a calcium/calmodulin-
dependent protein kinase Il (CaMKIl) promoter to hyperpolarize
excitatory pyramidal neurons with light (532 nm) (Figures 1F-
1H). The thermal pain threshold was estimated by measuring
the reflexive paw withdrawal latency under infrared stimulation.
To investigate the role of the ACC in the transition from nocicep-
tion to chronic persistent pain, we injected capsaicin (CAP) for
acute pain and complete Freund’s adjuvant (CFA) for chronic
pain into the hind paw. In the animal pain model, it is known
that persistent pain for 3 weeks induces changes in brain
circuitry, leading to anxiety and decreased motivation.”>*°
Thus, we injected CFA twice to prolong the CFA-induced persis-
tent pain for more than 3 weeks.

The optogenetic activation of GABAergic interneurons (VGAT-
ChR2, 3-5 mW, 20 Hz, and 10 ms) in the cortex can depolarize
interneurons and consequently hyperpolarize excitatory pyrami-
dal neurons.?”+?% The optogenetic activation of ACCY®AT neurons
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Figure 2. Brain-wide BOLD fMRI during optogenetic silencing of ACC in naive and CFA-induced chronic pain model

(A) The effect of ketamine (KET) and dexmedetomidine (DEX) on the thermal pain threshold (a), capsaicin (CAP)-induced spontaneous pain (b), and pain
hypersensitivity (c); vehicle n = 10, KET n = 5-6, and DEXn = 7.

(B) Experimental design for ofMRI; naive n =7 and CFAn =7.

(C) Group activation maps of naive and CFA mice during ACC inhibition; Z > 2.8, cluster corrected at p = 0.05. To visualize PAG activity, maps were generated with
a threshold of Z > 1.96, cluster corrected at p = 0.05, and presented as insets.

(D) Time courses of BOLD fMRI in representative ROls.

(E) Connectivity matrix of all responsive ipsilateral ROls. x denotes significance of p = 0.05 family-wise error rate (FWER) corrected for multiple comparisons.

(legend continued on next page)
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did not affect the thermal pain threshold in naive mice (Figure 1C).
Similarly, the optogenetic inhibition of ACC®®K! neurons
caused no change in the thermal pain threshold (Figure 1G). To
examine whether ACC suppression influences spontaneous
pain and pain hypersensitivity, ACCY®AT neurons were immedi-
ately activated for 10 min after CAP injection. The silencing
of the ACC failed to block the CAP-induced spontaneous
pain behavior and the induction of pain hypersensitivity
(Figures 1Da and 1Db). However, the activation of ACCY®AT neu-
rons reversed the maintenance of CAP- or CFA-induced pain
hypersensitivity (Figures 1Dc and 1E). Similarly, the optogenetic
inhibition of ACC®K!l neurons blocked pain hypersensitivity in
the CFA-induced chronic pain model (Figure 1H). Thus, the
ACC is engaged in the maintenance of pain hypersensitivity
rather than nociception.

The ACC and its downstream circuit are involved in
chronic pain

To explore the spontaneous neural activity of the ACC and its
downstream circuits, we performed optogenetic silencing fMRI
under light anesthesia (Figure 2).° Since anesthesia can sup-
press pain circuits, we investigated the effect of anesthesia on
pain behaviors at a subanesthetic dose of ketamine (KET) and
dexmedetomidine (DEX) (Figure 2A), which are suitable for
mouse fMRI.*° Unlike KET, DEX suppressed nociception (Fig-
ure 2Aa) but did not block pain hypersensitivity (Figure 2Ac).
Therefore, we chose DEX to investigate the role of the ACC in
pain hypersensitivity.

Both activations of ACCY®AT neurons and inhibition of
ACCCaMKI neurons caused negative BOLD responses (Figures 2
and S1). Since silencing the excitatory pyramidal neurons by the
stimulation of VGAT interneurons is more effective than that by
the optogenetic inhibition of CaMKIl neurons,”” we chose to
focus on the ofMRI of VGAT-ChR2 mice. To investigate the
circuit changes caused by chronic pain, we compared the ofMRI
responses in naive mice and the CFA-induced chronic pain
model (>3 weeks after CFA injection). The activation of
ACCVCAT neurons caused larger negative BOLD responses in
the ACC and several downstream regions of the CFA-induced
chronic pain model compared with the naive mice (Figures 2C-
2G and S2). Moreover, the functional connectivity strength be-
tween all the responsive regions of interest (ROIs) was enhanced
in the CFA-induced chronic pain model (Figure 2E). Despite the
controversy regarding the origin of negative BOLD responses,®’
the appearance of these responses in optogenetic silencing
fMRI reflects the deactivation of excitatory pyramidal neurons
at the target region.?® The amplitude of the fMRI signal reduction
is closely dependent on a reduction in the spontaneous neural
activity from baseline.®> Since ACC silencing suppresses the
excitatory output to downstream pathways, the magnitude of
the downregulated neuronal activity reflects the degree of inter-
regional communication under basal conditions. Thus, persis-
tent pain increases the spontaneous neural activity of the ACC

Current Biology

and interconnected network strength of downstream regions
such as the lateral pathway for a sensory-discriminative pain (pri-
mary somatosensory hindlimb cortex [S1HL]), the medial
pathway for an affective-motivational pain (the ACC and medial
dorsal thalamus [MD]), the descending pathway (PAG), and the
motor-related system (primary motor hindlimb cortex [M1hl],
secondary motor cortex [M2], and ventral anterolateral thalamus
[VAL)) (Figures 2D, 2F, and 2G).

The ACC is involved in sensorimotor integration in pain
processing

To further dissect the downstream circuits of the ACC for pain
processing, we combined the optogenetic silencing of the ACC
with electrical stimuli (Figure 3). Electrical stimulation (4 Hz) is
transmitted as a noxious signal (Figure S3). Noxious electrical
stimulation of the whisker pad (WP) showed a stable positive
BOLD response in the pain pathway and sensorimotor-related
brain regions (Figures 3B-3F). The modularity-based community
detection of the functional connectivity patterns identified two
modules: WP-related and polymodal ROIs (Figure 3D). WP-
related ROls are areas directly related to the whisker somatosen-
sory network, as described previously.>°** When noxious
stimulation was combined with optogenetic ACC silencing
(WPOG, WP and optogenetic stimulation), BOLD amplitudes
were reduced by the ACC-modulated downstream circuits
(Figures 3B-3F). The inter-region connectivity matrix was group-
ed into three functional modules (Figure 3D): (1) WP-dominant
ROIs (WP-d), which did not have a significant modulation from
ACC silencing, primarily make up somatosensory regions such
as primary somatosensory barrel field (S1BF) and ventral poste-
rior thalamus (VP); (2) ACC-dominant ROIs (ACC-d) with no WP
response have a significant negative BOLD response, creating
a negative correlation; and, (3) importantly, optogenetic ACC
silencing significantly reduced noxious stimulation-induced
BOLD responses in ACC-modulated areas (ACC-m), including
the descending pain pathway (dI/IPAG and vIPAG) and motor-
related pathways (M2, M1, and superior colliculus motor region
[SCm]) (Figures 3C-3F). These data indicate that the down-
stream targets of the ACC are closely related to sensorimotor
integration and movement generation rather than sensory
discrimination in pain processing.

Next, to examine the efferent projections of the ACC, we in-
jected an anterograde viral tracer (AAV5) expressing eYFP under
the CaMKIl promoter into the ACC (Figure 4A). Anterograde label-
ing showed dense projection from the ACC to the neural circuits
for defensive behaviors such as PAG and SCm,%**3° whereas
somatosensory circuits such as S1, S2, and VP received less
input from the ACC (Figures 4A and S4A). Compared with anter-
ograde monosynaptic tracing, which represents only direct pre-
synaptic input, ofMRI can reveal brain activity by multisynaptic
pathways. The optogenetic activation of ACC®®MK!' neurons
induced a positive BOLD response throughout the brain regions,
but the magnitude of the BOLD signal was dependent on the

(F and G) Absolute area under the curve (AUC) of the BOLD response in each ROl; mean (F) and individual data (G).
Ordering of ROlIs in (F) denotes ordering in (E). ROl abbreviations: see STAR Methods.
Cross denotes significance levels in comparison with baseline or before CAP. (Aa and Ac: two-way ANOVA, Ab: one-way ANOVA, E: unpaired t test, F and G:

Mann-Whitney U test.)
See also Figures S1 and S2.
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Figure 3. Effects of ACC silencing on the BOLD responses induced by the noxious electrical stimulation of whisker pad
(A) Experimental design for silencing ofMRI combined with electrical stimulation.
(B) Group activity maps from the noxious stimulation of whisker pad (WP) without and with optogenetic ACC silencing (WPOG); Z > 2.8, cluster corrected at

p = 0.05.
(C) Time courses of BOLD fMRI in representative ROls.

(D) Connectivity matrix of all responsive ROIs. x denotes p = 0.05 FWER; two modules in WP (WP-related, polymodal,) and three modules in WPOG were
classified (WP-d, WP dominant, ACC-m, ACC modulated, and ACC-d, ACC dominant).
(E and F) AUC of the WP-induced BOLD response without and with optogenetic silencing; ROl order in (E) denotes the order in (D). Mean (E) and individual data (F);

n = 7-8. (D: paired t test; E and F: Wilcoxon test.)
See also Figure S3.

strength of the synaptic activity.*® The BOLD signal decreased
with increasing distance from the stimulated ACC region (rostral
to caudal), and a significant difference was observed between the
ipsilateral and contralateral thalamus regions (Figure 4Ca). At a
high threshold, the optogenetic activation of ACC®®MK!! neurons
showed BOLD activation patterns in the brain regions receiving
direct input from the ACC (Figure 4B). Similar to the viral tracing
of ACCCeMKI neyrons, the optogenetic activation of ACCCaVK!
neurons induced a higher BOLD response in the dI/IPAG than
in S1 (Figure 4Cb). Similarly, the BOLD response of the dI/IPAG,
although not significant, was also higher than those of the vIPAG
and dmPAG (Figure 4Cb). In accordance, the activation of

ACCV®AT neurons showed that a stronger inhibition was found
in the ACC and dI/IPAG compared with S1 or VP (Figure 2).
Collectively, our results suggest that the function of the ACC is
closely related to the dI/IPAG regions.

In addition to the ACC, the prelimbic cortex (PrL) also belongs
to the medial frontal cortex (MFC) in rodents. In the chronic pain
model, decreased input from the PrL to the vIPAG induces pain
hypersensitivity.*”° Thus, we determined the innervation site of
the PAG from the ACC and the PrL (Figures 4D, S4B, and S4C).
The VIPAG received dense input from the PrL rather than the
ACC, whereas the dI/IPAG received dominant inputs from the
ACC.
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Figure 4. Efferent projections of the ACC and functional connections under the optogenetic activation of the ACC

(A) Whole-brain tracing maps of the axonal projections from the ACC neurons with distances relative to bregma; subcortical sections indicated by dashed boxes
were expanded for better visualization.
(B) Mean BOLD activation maps induced by the optogenetic activation of the ACC®2MX! neurons with distances relative to bregma; Z > 3.29, cluster corrected at
p = 0.05. The dashed boxes were used for expansion in (b).
(C) AUC of the BOLD response in ROIs during the activation of ACC®@MX!" neurons (a), and the comparison of fMRI responses in ipsilateral ROIs (b); n = 6.
(D) Anterograde tracing from the PrL or ACC into subregions of the PAG. (Ca Mann-Whitney U test and Cb Kruskal-Wallis test.)

See also Figure

S4.

The ACC projection to the PAG contributes to pain

behavior

To assess the function of the ACC-PAG circuit, we injected an
anterograde virus containing the CaMKIl promoter with ChR2
or Arch into the ACC and modulated the axon terminal in the
dI/IPAG with light (Figure 5). The optogenetic activation of the
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ACC-PAG circuit decreased the thermal pain threshold (Fig-
ure 5B), whereas the optogenetic inhibition increased the

thermal pain threshold in naive mice and suppressed CFA-
induced pain hypersensitivity (Figure 5D). Additionally, KET
(NMDA receptor antagonist) partially blocked the pain hyper-
sensitivity in the hind paw contralateral to the optogenetically
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Figure 5. Effects of the optogenetic modu-
lation of the ACC-PAG inputs on pain-
related behavior

(A) Circuit-specific modulation scheme and histo-
logical confirmation.

(B) The effect of the optogenetic activation of ACC-
PAG on the thermal pain threshold at 3-4 weeks
(BW) or 4 to 5 weeks (4W) after virus injection;
CaMKII-ChR2-eYFP n =7 and CaMKII-eYFP n = 6.
(C) The effect of ketamine on pain hypersensitivity
by the activation of ACC-PAG; contralateral/ipsi-
lateral paw in relation to the transfected pathway.
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(D) The effect of the optogenetic inhibition of ACC-
PAG on the thermal pain threshold (a) and the CFA-
induced chronic pain (b); CaMKIl-eArch-eYFP n =
5-7 and CaMKII-eYFP n = 4.

(E) The effect of bidirectional modulation of ACC-
PAG on the thermal pain threshold. Thermal la-
tency was measured 4 or 8 times in 7 mice at
each condition and plotted together.

Cross denotes significance levels in comparison
with CaMKII-eYFP or ipsilateral paw. (B-D: two-

Paw withdrawal latency (s)

J
%’b
D

Virus injection

Optic fiber implantation CFA injection

way ANOVA and E: one-way ANOVA.)
See also Figure S5.
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activated ACC-PAG circuit (Figure 5C), indicating glutamater-
gic synaptic neurotransmission.

Pain behavior can be enhanced by anxiety, which is
closely related to the ACC.'® Thus, we examined whether
the ACC-PAG circuit is associated with the anxiety level
by using an open-field test (Figures 6A, 6B, and S5A). As anx-
iety levels increased, mice showed reduced exploratory
behavior and locomotion and avoided the center zone. During
the optogenetic activation of the ACC-PAG circuit, the speed
of movement increased without abnormal motor behavior
(Video S1), but the time spent in the center zone did not
change (Figure 6B). On the other hand, the optogenetic inhibi-
tion of the ACC-PAG circuit decreased the duration in the
center zone (Figure S5A). Therefore, the ACC-PAG circuit is
unlikely to cause pain hypersensitivity by increasing the anxi-
ety levels.

N
o
1

-
(%))
1

-
o
1

1

xw \

The ACC projection to the PAG
contributes to fear response

We next investigated the role of the ACC-
PAG in innate fear response by using fox
urine (Figures 6C, 6D, and S5B). The op-
togenetic activation of the ACC-PAG cir-
cuit increased the speed of movement,
similar to the results of the open-field
test (Figure 6Da), whereas the optoge-
netic inhibition of the ACC-PAG circuit

.

ns

arkx

slightly decreased the speed of move-
ment (Figure S5Bc). After exposure to
predator odors, mice avoided the places
with odors (zone 1). After 2 min, the
continuous exposure to predator odor
alleviated the avoidance behavior toward
zone 1 (Figures 6Db and S5B). Zone 2
(away from odors) preference was still high in the control and
ACC-PAG inhibition groups, but the ACC-PAG activated
(CaMKII-ChR2-eYFP) mice preferred to be in zone 1 (Fig-
ure S5Bd). Thus, in an uncertain threat, the increased input
from the ACC to PAG induces active movement related to
exploratory behavior toward the threat environment.

Finally, we examined the role of the ACC-PAG circuit in
learned fear response to noxious stimuli with an active place
avoidance task (APAT) (Figures 6E-6H). In the APAT, mice
receive electrical shocks whenever they enter a certain section
(60° shock zone) on a counterclockwise rotating platform.
After learning the shock zone location via spatial cues, mice
freely and actively avoid the shock zone. Before the optoge-
netic experiment (day 1), mice were trained to avoid a 60°
shock zone, and the number of shocks was counted to ensure
that the mice learned the shock zone (Figure 6G). On day 2, the
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Figure 6. Effects of the optogenetic activation of ACC-PAG inputs on anxiety, innate fear, and active avoidance response

(A) Experimental design for the open-field test.

(B) The effect of the optogenetic activation of ACC-PAG on the speed of movement (a) and the duration in center/border zone (b); n = 9.

(C) Experimental design for the innate fear response induced by fox urine.

(D) The effect of the optogenetic activation of ACC-PAG on the speed of movement (a) and the durations spent in zone 1 and zone 2 (b); n = 9.

(E) Experimental design (a) and schedule (b) for active place avoidance task.
(F) Representative heat map of time spent.

(G) Number of entries into the shock zone on day 1.

(H) The effect of the optogenetic activation of ACC-PAG on the number of entries

into the shock zone (a) and the angle from the shock zone (b and ¢) onday 2; n=9-10.

Ba, Da, and Hb: repeated measures one-way ANOVA and B, D, and Hc: paired t test.)

See also Figures S5 and S6 and Videos S1 and S2.

number of shocks was close to zero and independent of the
optogenetic activation of the ACC-PAG circuit (Figure 6Ha).
Interestingly, in one mouse that received multiple shocks on
day 1, the optogenetic activation of the ACC-PAG circuit
decreased the number of shocks (Figure S6). To avoid shock,
mice showed a clockwise running behavior, so the angle
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of their position was measured from the shock zone
(Figures 6Hb and 6Hc). The optogenetic activation of the
ACC-PAG circuit increased the angle from the shock zone
(Figures 6F, 6Hb, and 6Hc). These data indicate that increased
inputs from the ACC to PAG contribute to active avoidance
behavior to noxious stimuli.



https://doi.org/10.1016/j.cub.2022.04.090

Please cite this article in press as: Lee et al., Role of anterior cingulate cortex inputs to periaqueductal gray for pain avoidance, Current Biology (2022),

Current Biology

DISCUSSION

In this study, we demonstrate the function of the ACC for active
defensive response in pain processing. We found that the ACC is
a part of neural circuits associated with pain-induced neural
plasticity. The downstream circuit of the ACC is closely related
to the dI/IPAG, which is a key region for active defensive
response. The activation of the ACC-dI/IPAG circuit enhances
both reflexive and active avoidance behavior. Our results sug-
gest that increased input from the ACC to the PAG might be a
critical factor for abnormal circuit changes in chronic pain.

The role of the ACC in pain chronification and fear
formation

The ACC receives direct nociceptive inputs and encodes the un-
pleasantness of pain.’® In both animal and human studies, the
activity in the ACC correlates with the intensity of acute pain
stimuli,*>*" and chronic persistent pain causes hyperactivity in
the excitatory pyramidal neurons of the ACC."%“***3 Since the
optogenetic activation of GABAergic interneurons in the cortex
suppresses the spontaneous activity of excitatory pyramidal
neurons, the resulting negative BOLD response reflects baseline
activity.”®?° In our data, the negative BOLD response after ACC
silencing was greater in the chronic inflammatory pain model
(Figure 2), suggesting that the baseline neural activity of the
excitatory pyramidal neurons in the ACC increased from chronic
persistent pain.

In rodent studies, both electrical stimulation and chemical
activation of the glutamate receptors in the ACC produced a pro-
nociceptive and aversive response.’'’?%%4“® Compared with
electrical and chemical activation, optogenetic stimulation has
the advantage of modulating specific cell types at precise time
windows. The optogenetic activation of the ACC pyramidal neu-
rons (CaMKIl or Thy1) facilitates pain-related behaviors.*®*’
Consistent with previous studies,””**® our study showed that
direct (via CaMKII-eArch) and indirect (via VGAT-ChR2) inhibition
of the ACC pyramidal neurons selectively suppresses pain hy-
persensitivity without affecting nociception (Figure 1). Further-
more, the modulation of the glutamatergic synaptic plasticity in
the ACC was sufficient to relieve chronic pain without affecting
nociception.**°' Thus, the ACC pyramidal neurons are impor-
tant for synaptic alteration of chronic pain.'®

The artificial activation of the ACC also induces fear experi-
ence even without aversive stimuli.’®'® The inhibition of the
ACC during the fear-acquisition phase does not impair nocicep-
tion or innate fear response but reduces the fear response during
the fear-expression phase. '®*? Furthermore, the ACC is respon-
sible for paying attention to pain-related signals.”>**° In trace
fear conditioning with a time gap between footshock and a
conditioned stimulus, distraction interferes with the formation
of the fear experience, so the attentional role of the ACC is
essential in trace fear.”*>* This evidence suggests that the func-
tional plasticity of the ACC generates a teaching signal for aver-
sive experiences and is engaged in fear formation.

The role of the frontal cortical projections to the PAG in
pain and fear response

The PAG is a critical hub for the descending pain modulatory
system, originating in the brainstem and regulating the pain

¢ CellP’ress

signals at the spinal cord.® Since the activation of the ACC mod-
ulates the nociceptive input at the spinal cord,'’?%-°° the ACC-dl/
IPAG circuit may engage in descending pain facilitation. Consis-
tent with previous studies,**°° our anterograde tracing showed
that the ACC densely innervates the dI/IPAG (Figures 4 and
S4). The silencing of the ACC in the CFA-induced chronic
pain model shows an increase in the network strength of its
downstream regions, such as the dI/IPAG (Figure 2). Previous
studies have suggested that the ACC-PAG synapse is
glutamatergic.®”°® Injection of a retrograde tracer into the PAG
followed by immunohistochemical staining indicates that the
retrogradely labeled neurons in the ACC contain glutamate-like
immunoreactivity.®” Moreover, pharmacological approaches
have demonstrated that the ACC is one of the glutamatergic in-
puts to the PAG.?® In this study, the activation of the ACC-dlI/
IPAG induced pain hypersensitivity, whereas KET reduced this
pain hypersensitivity (Figure 5), indicating glutamatergic synaptic
neurotransmission.

In fear response, the neural activity in the ACC is closely
related to terminate freezing.?*>°° Exploratory behavior is neces-
sary for recognizing the safety and dangers of the environment,
which affects avoidance decisions. In the presence of a persis-
tent threat signal, the activation of the ACC-dI/IPAG circuit
enhanced exploratory behavior toward predator odor
(Figures 6D and S5B). Therefore, when an uncertain threat per-
sists, the ACC-PAG circuit induces an active response rather
than a passive response withholding the action selection. In
learned fear response to noxious stimuli with APAT, the activa-
tion of ACC-dI/IPAG also enhanced the avoidance behavior to-
ward the approaching footshock zone (Figure 6H). Therefore,
the ACC-dI/IPAG circuit is involved in both pain and active defen-
sive responses.

The intrinsic excitability of PrL endogenously suppresses pain
and anxiety.**®%¢" In the chronic pain model, in contrast to the
increased activity of the ACC, the excitability of PrL is
decreased,**®° and decreased inputs from the PrL to VIPAG
are critical for the development of chronic pain.®’*° Thus, the
PrL and ACC project into different subregions of the PAG with
opposing actions in pain and defensive behavior (Figures 4D
and S4), suggesting that the frontal cortical projections to the
PAG are important for pain and defensive response.

Relevance to pain fMRI studies in humans

The human MFC, which consists of the ACC and the medial pre-
frontal cortex (MPFC), is a key structure for pain, negative
emotion, and cognitive control.’? The rodent MFC has been a
controversial issue since granular parts, which are critical for
high-level cognitive function in human mPFC, do not exist.®
The Brodmann classification divided the cerebral cortex based
on a cytoarchitectural organization of cells, such as the granular
layer. By the Brodmann nomenclature, the rodent ACC (Area 24)
appears to be homologous to the human dACC or anterior mid-
cingulate cortex (aMCC) regions and the rodent PrL (Area 32) to
the human pgACC.%* In human fMRI studies, imminent danger
requiring active avoidance increases the activity in the dACC
and dACC-PAG connectivity, whereas high shock probability in-
creases the activity in the pgACC.®® Furthermore, pain-related
prediction errors lead to the selection of actions expected to
have a low probability of pain in which the failure to avoid pain
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due to incorrect prediction causes higher activity in aMCC and
PAG.®® Cognitive tasks such as visual attention produce atten-
tional analgesia, which involves the ACC and PAG.®""%° Given
that the ACC is activated by both reward and pain to generate
attention for learning and prediction,”®"? attention reallocation
in the context of pain is likely to be involved in defensive re-
sponses. In this study, we proposed a hypothesis for different
connections of ACC subregions to PAG (dACC-dI/IPAG versus
pgACC-VIPAG) and their different roles in defensive responses
in pain processing (Figure S4), which is worthy of future study
by human fMRI.

The role of the ACC in motor output

The ACC is known to engage in shaping the motor output based
on the sensory input related to expected reward or punish-
ment.”>"*7"® |n this study, the modulatory effect of the ACC
was pronounced in motor-related systems (Figures 2 and 3).
In particular, the SCm is essential for the integration of
sensorimotor function and the transmission of visual threat
signals,®" "%’ and the ACC-SC circuit is known to coordinate
specific action selection.”® The ACC has dense projections to
the SCm (Figure 4), and noxious stimuli induce a positive
BOLD response in SCm, which is modulated by the optogenetic
silencing of ACC (Figure 3). Therefore, our data suggest that the
ACC-SC circuit may be involved in pain-related defensive
behavior.

The nigro-striatal-thalamocortical network, which includes the
substantia nigra (SN), dorsal lateral striatum (DLS), VAL, and M1/
M2, constitutes a key pathway in motor integration and execu-
tion.”*®" The ACC has a dense input to the nigro-striatal-thala-
mocortical network (Figure 4), and chronic pain appears to
enhance the network strength of these downstream regions (Fig-
ure 2E). Furthermore, the optogenetic silencing of the ACC
significantly reduced the noxious stimulation-induced BOLD re-
sponses in the nigro-striatal-thalamocortical network (Figure 3E).
Thus, the ACC seems to have a critical role in the motor output
related to pain processing.

The function of PAG also is closely related to the motor
cortex.?®% However, during the unilateral modulation of the
ACC-PAG circuit, we did not observe any abnormal motor
behavior such as contralateral rotations (full 360° turns) related
to the motor cortex®* (Videos S1 and S2). Furthermore, the mod-
ulation of the ACC-PAG circuit did not affect the speed of move-
ment (i.e., the movement distance) compared with the control
group in the open-field test, whereas the optogenetic inhibition
significantly decreased movement distance in the innate fear
test (Figure S5). Thus, the effect of the ACC-PAG circuit on loco-
motion seems to be associated with the affective aspect rather
than the direct activation of the motor system.

Potential targets for pain processing

The ACC is also involved in the motivation for goal-directed or
effortful behavior.®>®® In particular, the nucleus accumbens
(NAc) is a key region for decreased motivation in chronic
pain,?® and the ACC-NAc circuit modulates pain and fear re-
sponses.?” %8 In our study, ofMRI allowed the identification of
other potential target brain regions. Enhanced response in the
bed nucleus of the stria terminalis (BNST) and the lateral
orbitofrontal cortex (OFCI) was detected in the chronic pain
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model (Figure 2F). BNST activity regulates pain aversion, with
recent studies hypothesizing its involvement in goal-directed
defensive response.®®:°° Ventrolateral OFC’s (OFCvl) role in anti-
nociception is well reported, with little known about the OFCI’s
involvement aside from its roles in decision making and valence
integration.'%° Taken together, these areas may provide moti-
vational and cognitive control of pain with the ACC.

Finally, to our surprise, the anteromedial thalamus (AM)
showed the second-highest response in the chronic pain model
(Figure 2F). The AM reacts to predator and social threats®**° and
has reciprocal connections with the ACC, which contribute to
contextual fear memory.°>°® However, since the AM did not
respond to noxious stimulation (Figure 3E), further studies are
needed to determine the role of AM in pain chronification.

In conclusion, our findings offer insights into the neural
mechanisms underlying the fear-avoidance response to
pain, a key factor for chronic pain disability. Furthermore,
we sought to apply ofMRI to explore pain circuits at the sys-
tems level, which will provide a much-needed avenue for pain
research.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at
Sungkyunkwan University and followed relevant guidelines and regulations confirmed by IACUC. Adult male C57BL/6 mice
(n = 42) aged 7 to 10 weeks were purchased from Orient Bio (Seongnam, Korea), and VGAT-ChR2-eYFP (B6.Cg-Tg
(Slc32a1-COP4*H134R/eYFP 8Gfng/J) mice were bred in-house from breeding pairs obtained from Jackson Laboratory
(Bar Harbor, ME, USA). Both male (n=5) and female (n = 15) VGAT-ChR2-eYFP mice and VGAT-ChR2-eYFP negative female
littermates (n = 4) were used. The exact number of mice for each experiment can be found in the figure legends. Mice were
housed independently in ventilated cages post-surgery in a temperature/humidity-controlled facility and maintained with
standard lab chow and water ad libitum under a 12-hour dark-light cycle. Behavior and fMRI experiments were conducted
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three-four weeks post-surgery. Behavior differences between genders were not observed and thus both genders were grouped
for analysis.

METHOD DETAILS

Stereotaxic surgery

The adeno-associated viruses (AAVs) were purchased from Addgene or UNC Vector Core; AAV5-CaMKlla-hChR2(H134R)-eYFP
(Addgene), AAV5-CaMKlla-eArch3.0-eYFP (UNC Vector), AAV5-CaMKIlla-eYFP (UNC Vector), AAV5-CaMKIla-mCherry (Addgene).
Mice were initially inducted with inhaled isoflurane (Hana, Korea) and then anesthetized by intraperitoneal (IP) injection of ketamine
(Yuhan, Korea) and xylazine (Rompun®, Bayer, Korea) mixture (100 mg/kg and 10 mg/kg) before fixing onto a stereotaxic frame. To
maintain the anesthetic conditions throughout surgery duration, isoflurane (0.5-1.0 %) in oxygen and air gases (1:4 ratio) was used,
based on physiological signal changes. To alleviate pain and inflammation, lidocaine (Daihan, Korea) was subcutaneously injected
into the scalp, and Metacam (5 mg/kg, meloxicam, Boehringer Ingelheim, Korea) was injected subcutaneously into the loose skin
over the neck. Male C57BL6 mice were used for viral infection into left side of ACC (anteroposterior [AP], 1.0 mm relative to bregma;
mediolateral [ML], 0.3 mm; dorsoventral [DV], 1 mm relative to surface) or left side of PrL ([AP], 2.5 mm relative to bregma; [ML],
0.3 mm; [DV], 1 mm relative to surface). A glass capillary was connected to the injection pump (Nanoliter 2010, World Precision
Instruments) and a total 1 pl of viral suspension was filled. After virus injection, optic fiber (105 um inner core diameter, NA = 0.22,
2 mm, Thorlabs, USA) for optogenetic modulation was immediately implanted at the same [AP] and [ML] coordinates, except for
0.8 mm [DV] relative to surface. For the optogenetic modulation of ACC input to PAG, the optic fiber (100 um inner core diameter,
NA = 0.22, 3.5mm, Doric Lenses Inc, Canada) was inserted into left side of PAG ([AP], -4.0 mm relative to bregma; [ML], 0.5 mm;
[DV], 1.9 mm relative to the surface), following virus injection into the ACC. For VGAT-ChR2 group, only the optic fiber was implanted
without virus injection. We used bio-compatible silicon elastomer (Kwik-Sil, World Precision Instruments, Sarasota, FL, USA) to seal
the fiber implantation site and dental cement (SB, Sun-Medical Co., Shiga, Japan) to fix the optic fiber onto the skull. Behavior or
ofMRI experiments were conducted at least 3-4 weeks after virus injection/fiber implantation.

Optogenetics

The location of optic fiber was confirmed by an anatomical image using MRI. For the behavior test, the implanted optic fiber was
connected to a fiber-optic cable (Doric Lenses Inc, Canada) coupled to 473 nm, 532 nm, or 566 nm diode-pumped solid state laser
(Changchun New Industries Optoelectronics Tech. Co., Ltd, Changchun, China). The constant output power was calibrated to be 3-5
mW at the tip of the optic fiber, as measured by a power meter (PM100D, Thorlabs, USA). The experimental procedure for of MRI was
previously described in detail.”” The implanted optic fiber was connected to Low Profile Patch Cord Adapter (LPPA) to modify the
direction path of a patch cord without bending the fiber cable. 437 nm, 532 nm, or 566 nm diode-pumped solid state laser (Chang-
chun New Industries Optoelectronics Tech. Co., Ltd, Changchun, China) was used, and the constant output power was calibrated to
be 3 mW at the tip of the optic fiber. The intensity of output power was adjusted according to the BOLD response. Given our previous
research,”®?° the light stimulus (437 nm) was delivered with 20 Hz/10ms parameters to silence excitatory pyramidal neuron with
VGAT-ChR2 mice. 532 nm (for behavior test) and 566 nm (for ofMRI) light was given continuously to silence excitatory pyramidal
neuron using AAV5-CaMKlla-eArch3.0-eYFP.

Behavior tests

Thermal pain test (Hargreaves test)

To assess thermal-evoked pain, paw withdrawal latency was measured using the Hargreaves method (lITC Life Science Plantar Test,
Victory Blvd Woodland Hills, CA, USA). Before the test, mice were habituated in an acrylic observation chamber (size ranges 10 x 10 x
15 cm®) on a glass plate. The infrared stimulation (48-50% or 80% intensity) was applied to the hind paw. Paw withdrawal latency was
measured 4 to 5 times by an observer blinded to the treatment and then averaged, which was represented by thermal pain threshold.
Pain model

Before the induction of the pain model, the baseline of thermal pain threshold was measured. The induction of capsaicin/CFA-evoked
pain hypersensitivity was confirmed by the decrease in thermal pain threshold compared to baseline or contralateral paw. For the
capsaicin-induced acute pain model, capsaicin (Sigma, USA) was dissolved in DMSO, and 20ul of capsaicin (1pg, diluted in 0.9%
saline) was injected into the plantar surface of the right hind paw. The time mice spent licking was measured during 10 minutes
by an observer who was blinded to the genotype of mice. The thermal pain test was performed 20 minutes after capsaicin injection.
For the CFA-induced chronic pain model, 20ul of undiluted CFA (Sigma, USA) was injected twice into the plantar surface of the right
hind paw. The thermal pain test was performed 3 or 4 days after the first injection of CFA (before the second injection of CFA). Sub-
sequently, the mice received a second injection of CFA 7 days after the first and the thermal pain test was performed once more.
Open field test

To assay locomotor activity and anxiety, the duration in the center or border zone and the speed of movement were measured by
automated analysis software (EthoVision). The sound insulated behavioral room was illuminated by indirect dim lighting. Single
mice were placed in the center of an acrylic apparatus (size ranges 50 x 50 x 38 cm®) consisting of the center zone (24 x 24 cm?)
and the border zone, and then were allowed to explore freely. Optogenetic stimulations (473nm, 3~5mW, 20Hz, 10ms) were given
over one minute with one-minute intervals between each. The ON-OFF period was repeated 3 times each. To quantify the anxiety
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behavior, we calculated the speed of movement and the duration in the center zone or border zone. The effect of optogenetic stim-
ulation was defined as the differences between ON and OFF.

Fox urine-induced innate fear test

Before the test, mice were habituated for 2 minutes in an acrylic apparatus (size ranges 35 x 25 x 23 cm®). Mice were exposed to fox
urine in an inescapable environment consisting of zone1 (12 x 25 cm?) close to fox urine and zone2 (12 x 25 cm?) away from fox urine.
Three sheets of KimWipes laboratory tissue were stacked, folded in half, and fixed in zone1. 2 ml of fox urine were applied. Optogenetic
stimulation (473 nm, 3~5 mW, 20 Hz, 10 ms) was given over one minute with an interval of one minute between consecutive trials. The
ON-OFF period was repeated 3 times each. Using automated analysis software (EthoVision), the duration in zone1 or zone2 and the
speed of movement were measured. The effect of optogenetic stimulation was defined as the differences between ON and OFF.
Active place avoidance task

To evaluate the active avoidance behavior, we tested mice using APAT.?® A custom-built rotating circular maze (radius: 17 cm) with
transparent acrylic walls (height: 25 cm) and floor consisting of a metal grill (3.4 mm diameter bars with 1 cm spacing) was used for
APAT training. The apparatus was placed in a well-lit isolation booth, which had distinct black-and-white visual patterns on four walls
(vertical stripes, square grids, diagonal stripes, and polka dots). The rotation speed of the maze was given in rotations per minute
(RPM). The position of the animal during the task was analyzed instantly with video tracking software (EthoVision). One to three
days before the test, mice were habituated for 30 minutes inside the apparatus without any shocks or rotation. APAT training was
conducted over two days following the habituation session. On day 1, mice underwent two sessions with different maze rotation
speeds (3 RPM then 2 RPM) with an inter-session interval of two hours. In these sessions, whenever mice entered a pre-defined
shock zone spanning one-sixth of the maze, the mice received a footshock (0.2 mA, 60 Hz) for 500ms. If the mice failed to exit
the shock zone, additional footshocks were given every 1.5 seconds. On day 2, the same set of sessions were conducted with an
addition of optogenetic stimulation. In each session, optogenetic stimulations (473 nm, 3~5 mW, 20 Hz, 10 ms) was given in an alter-
nating pattern over five minutes with an interval of five minutes. To quantify the active avoidance behavior, we calculated the number
of entries into the shock zone and mean angular distance from the shock zone for each of 5 min time bins. The effect of optogenetic
stimulation was defined as the differences in angular distance between time bins when the first optogenetic stimulation was turned on
(ON1) and the first 5 min bin when the laser was turned off (OFF1). Additionally, we used the differences in angular distance between
the first two time bins (OFF1 and OFF2) with no optogenetic stimulation as a baseline.

MRI

Animal preparation

All MRI experiments were performed on a 15.2T MRI scanner with an actively shielded 6-cm diameter gradient (Bruker BioSpec,
Billerica, MA, USA) and a 15 mm ID surface coil for radiofrequency (RF) transmission/reception. BOLD fMRI was conducted on
CFA (n = 8), naive (n = 9), and ACC®®MX! (n = 7) group of mice under self-breathing IV continuous infusion dexmedetomidine/isoflur-
ane (0.05 mg/kg/hr/0.3%) anesthesia described in detail previously.*° Mice were inducted with 2-4 % isoflurane during which the tail
vein was canulated for IV infusion of dexmedetomidine (Precedex, Hospira, NC, USA). Next, mice were secured to a custom-made
MR cradle via ear and bite bar. The cradle was transferred to the magnet and connected to a small animal ventilator (Model 1030,
Small Animal Instrument Inc., Stony Brook, USA). A bolus of 0.05 mg/kg dexmedetomidine was given after MR preparation followed
by discontinuation of isoflurane. Infusion of dexmedetomidine at (0.05 mg/kg/hr) was started 10 min post bolus. Isoflurane was
continued at 0.3% ~30 min post dexmedetomidine bolus. During the experiments, heart rate and motion-sensitive respiratory sig-
nals were continuously monitored (PhysioSuite, Kent Scientific Corp,) along with body temperature of the animals being maintained
at 37 + 0.5 °C with a warm-water heating system and a rectal thermometer.

Data acquisition

Data were acquired with Paravision 6.0.1 software. Image acquisition started after placing the mouse brain at the isocenter of the
magnet and correcting for field inhomogeneity via the MAPSHIM protocol. Anatomical images were acquired using fast low angle
shot (FLASH) sequence with the following parameters: TR/TE = 3000/45 ms, matrix size = 120 x 58, field of view (FOV) = 15.80 x
7.65 mm?, and 20 0.5-mm-thick slices. Functional images were acquired using gradient-echo single-shot echo planar imaging
(EPI) with the following parameters: TR/TE = 1000/11.5 ms, matrix size = 120 x 58, FOV = 15.84 x 7.65 mm? (0.13 x 0.13 mm? in-plane
resolution), 20 0.5-mm-thick slices, and 50° flip angle. To ensure best group alignment, the 6" slice was matched to the individual
mouse’s anterior commissure.

Functional scans were conducted in a block design of 60s baseline — 20s stimulation — 60s interstimulus interval — 20s stimulation —
60s recovery. The same optogenetic parameters used for behavior were used. In the naive group of mice, a further whisker-pad (WP)
stimulation was conducted in which the right whisker-pad was electrically stimulated with electrodes placed on the pad at 0.4mA,
4Hz.*° Simultaneous WP and optogenetic stimulation (WPOG) were also conducted on the same group of mice.
fMRI data pre-processing
BOLD fMRI data were processed as previously described using AFNI, FSL, and SPM12.°° Images were scaled 10x, despiked (AFNI,
3dDespike), motion-corrected (AFNI, 3dvolreg), and slice-time corrected (AFNI, 3dTshift). EPlimages were then temporally averaged
(fsl, fsimaths -Tmean) and skull stripped (fsl, bet) to create an EPI template for registration. Anatomical images were skull stripped (fsl,
bet) and co-registered to the EPI template (SPM12). Linear affine parameters and nonlinear regularizations were calculated between
the skull-stripped co-registered anatomical image and Allen Mouse Brain Common Coordinate Framework v3 (CCFv3) template, af-
ter which the deformations were applied to the functional images with SPM12’s Normalize function.

Current Biology 32, 1-14.e1-€5, July 11, 2022 e3




Please cite this article in press as: Lee et al., Role of anterior cingulate cortex inputs to periaqueductal gray for pain avoidance, Current Biology (2022),
https://doi.org/10.1016/j.cub.2022.04.090

¢ CellPress Current Biology

Viral tracing

Mice were sacrificed after behavior and ofMRI experiments were completed. Mice received a lethal dose of pentobarbital (> 60 mg/
kg) and were perfused with 0.9% saline followed by 4% paraformaldehyde (PFA). The whole brain was post-fixed by 4% PFA, cry-
opreserved in 30% sucrose, and embedded in OCT compound. The frozen specimen was transversely sectioned into 40 um with a
cryotome. Sections were mounted on a slide glass and nuclear staining was performed with DAPI solution (1:10000, sigma). Fluo-
rescence images were obtained using a fluorescence microscope (Leica, Germany).

Region of interest abbreviations

Abbreviations for all ROls are the following: ACCd/v anterior cingulate cortex dorsal/ventral, Ald dorsal agranular insula, AM antero-
medial thalamus, APN anterior pretectal nuclei, AV anteroventral thalamus, BNST bed nucleus of striata terminalis, CA1 hippocam-
pus CA1 subfield, dI/IPAG dorsal-lateral lateral periaqueductal gray, DLS dorsolateral striatum, dmPAG dorsomedial PAG, GPe
globus pallidus externa, IL infralimbic, LD lateral dorsal thalamus, LP lateral posterior thalamus, M1hl primary motor hindlimb region,
M1wf primary motor whisker/forepaw region, M2 secondary motor cortex, MD mediodorsal thalamus, MRN midbrain reticular
nucleus, OFCI lateral orbitofrontal cortex, PF parafascicular nucleus, PrL prelimbic cortex, PO posterior thalamus, PPCa posterior
parietal cortex, RE nucleus reuniens, RSCd/v retrosplenial cortex dorsal/ventral, S1BF/FL/HL primary somatosensory barrel/fore-
limb/hindlimb, S2 secondary somatosensory, SCm motor superior colliculus, SN substantia nigra, SUB subiculum, V2al secondary
anterolateral visual cortex, VAL ventral anterolateral thalamus, vIPAG ventral lateral PAG, VM ventromedial thalamus, VP ventral pos-
terior thalamus, ZI zona incerta.

Abbreviations in anatomical tracing data follow: CM central medial thalamus, CL central lateral thalamus, cp cerebral peduncle,
CPu caudate putamen, Ect ectorhinal cortex, ic internal capsule, PRh perirhinal cortex, PRN pontine reticular nucleus, Rt reticular
thalamus, VA ventral anterior thalamus, VL ventral lateral thalamus, VPL ventral posterolateral thalamus, VPM ventral posteromedial
thalamus

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details for every experiment are provided in the figure legends with “n” representing the number of animals per group.
Group differences with p < 0.05 were considered significant (*p<0.05, **p<0.01, **p<0.001, ****p<0.0001).

Behavior analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, USA). For comparison between two groups, statis-
tical analyses were carried out using paired t-test or unpaired t-test (two-tailed) as appropriate. For multiple comparisons, data were
analyzed using one-way ANOVA, repeated measures one-way ANOVA, or two-way ANOVA followed by Bonferroni test as appro-
priate. Data are presented as mean + SEM.

GLM statistical mapping

Group BOLD response maps were generated by general linear model (GLM) by deconvolving the registered images with a design
matrix containing a linear detrend and our previously designed dexmedetomidine hemodynamic response function convolved
with the stimulation blocks as regressors (AFNI, 3dDeconvolve). Unpaired (CFA vs naive), paired (WP vs WPOG), or one sample (AC-
CCamKlh t_test was used to produce group response maps (AFNI, 3dttest++). The resultant maps were smoothed 2x the voxel size and
cluster corrected by finding first-nearest neighbor clusters that pass the threshold of P<0.005 uncorrected and correcting them with a
family-wise error correction to P<0.05 unless otherwise stated (AFNI, 3dClustsim).

BOLD quantification

The registered functional images were normalized to the baseline to calculate percent signal change. Anatomical region of interests
(ROI) based on the CCFv3 was used to extract the signal from each region. Areas such as dmPAG, dI/IPAG, and vIPAG did not have a
segmented atlas and thus a square 9 voxel ROl was drawn in each respective area within the PAG. For signal quantification, the ex-
tracted time series were temporally smoothed with a 6-second window to remove sharp outliers and area-under-curve (AUC) was
calculated by integrating the area between stimulation start and five seconds after cessation of stimulation of both stimulation blocks,
after which the mean AUC was calculated (cumtrapz, MATLAB). Exclusion criteria were applied by excluding any mouse that was
outside the outer fence using the interquartile range method. The AUCs of the ACC response (CFA, naive, and ACC®aMK!y or
S1BF (WP and WPOG) were used to calculate the outer fences. A final sample size was the following: CFA (n = 7/8), naive (n =
7/9), WP/WPOG (n = 7/9), and ACC@MK!! (n = 6/7). Comparison between two groups were conducted with GraphPad Prism. Statis-
tical analyses of the AUC values were carried out using the Wilcoxon test or Mann-Whitney U test (one-tailed) as appropriate. For
multiple comparisons, data were analyzed using the Kruskal-Wallis test followed by Dunn’s multi test as appropriate.

Functional connectivity analysis

Functional connectivity matrixes were made from calculating the Pearson correlation coefficient (MATLAB, corr) between all respon-
sive ROls (n = 40), ipsilateral to ACC stimulation site, using the whole unsmoothed time series resulting in a 40 x 40 connectivity matrix
for each animal. Matrixes were Fisher-z transformed for group-averaging and statistical tests. Results were converted back to r for
presentation. The group connectivity matrix was further used to calculate modules using graph theory-based Newman’s spectral
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community detection via the Brain Connectivity Toolbox (BCT).?® Modules refer to groups of nodes with high intra-connectivity and
low inter-connectivity. As we only chose responsive ROIs, modularity was calculated with weighted, undirected matrixes. Resolution
parameters were adjusted between 0.9 (larger modules) - 2 (smaller modules) until modularity values were maximized. CFA and naive
dataset did not result in logical modules with low modularity and thus was sorted based on anatomical groups. WP dataset resulted in
two maximized modules using 0.9 resolution while WPOG dataset resulted in three modules with similar ordering to WP modules
using 1.2 resolution. WPOG ROI ordering was shifted to match WP module ordering. Each subject matrix was reordered based
on the calculated maximized module and unpaired (CFA vs naive) or paired (WP vs WPOGQG) statistical testing using network-based
statistic (NBS)'°° with a threshold of 2.3, 1,000 permutations, and significance of p=0.05 after family-wise error rate multiple
correction was conducted to find significant networks.
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