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ABSTRACT
BACKGROUND: The central amygdala (CeA) is a bilateral hub of pain and emotional processing with well-established
functional lateralization. We reported that optogenetic manipulation of neural activity in the left and right CeA has
opposing effects on bladder pain.
METHODS: To determine the influence of calcitonin gene-related peptide (CGRP) signaling from the parabrachial
nucleus on this diametrically opposed lateralization, we administered CGRP and evaluated the activity of CeA
neurons in acute brain slices as well as the behavioral signs of bladder pain in the mouse.
RESULTS: We found that CGRP increased firing in both the right and left CeA neurons. Furthermore, we found that
CGRP administration in the right CeA increased behavioral signs of bladder pain and decreased bladder pain–like
behavior when administered in the left CeA.
CONCLUSIONS: These studies reveal a parabrachial-to-amygdala circuit driven by opposing actions of CGRP that
determines hemispheric lateralization of visceral pain.
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Paul Broca and Carl Wernicke introduced the phenomenon of
brain lateralization in the mid-1800s by revealing that speech
and language centers are predominantly located in the left
cerebral hemisphere (1,2). Asymmetrical supraspinal process-
ing is more common than previously believed and is not unique
to humans (3). Brain lateralization is conserved across species
and facilitates sensory, cognitive, and motor processing (3).
Human neuroimaging studies reveal that brain lateralization is
disturbed in the context of neurological disorders, including
schizophrenia (4,5), anxiety (6,7), depression (8–10), post-
traumatic stress disorder (11), and chronic pain (12,13).

Chronic pain affects approximately 35.5% of the world’s
population (14). The incidence of affective comorbidities that
appear along with the presentation of chronic pain (15) sug-
gests the involvement of the central nervous system in the
modulation of the disease. Neuroimaging studies implicate
many supraspinal sites in chronic pain involvement, including
the central amygdala (CeA) (16,17). The CeA is a hub of both
pain and emotional processing (18), and while the lateralized
functions of the CeA in the context of emotion have been
known for decades (19), only recently has amygdala laterali-
zation in the context of pain been reported (13,20,21). Hemi-
spheric left-right differences are found in the amygdala in the
context of pain in humans (17,22,23) and rodents (20,21,24).
The right CeA has long been recognized as the predominant
modulator of pain compared with the left CeA (20,21,25–27).
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The right amygdala is the major pronociceptive modulator in
neuropathic (28), inflammatory (20,25,26), and arthritis (21)
pain, while the left amygdala contributes to pain modulation
less or only in certain circumstances (29). However, much of
what we know about amygdala lateralization in the context of
pain modulation in rodents comes from studies in which the
injury or stimulus is restricted to a single side of the body,
making it difficult to interpret the results in the context of
lateralization due to the decussation of spinal neurons and the
predominance of the contralateral brain to single-sided pe-
ripheral injury (30). To circumvent these limitations, we probed
hemispheric lateralization using a mouse model of bladder
pain.

Clinically, bladder pain conditions are categorized under the
umbrella of urologic chronic pelvic pain syndrome (UCPPS).
UCPPS is debilitating and predominantly affects women
(31–33). Although the bladder is a bilaterally innervated midline
organ (34), the left and right CeA do not contribute equally to
the modulation of bladder pain in humans (34–36). Rodent
studies also expose functional differences in the contribution
of the left and right CeA to the modulation of bladder pain, with
the right CeA serving a pronociceptive function and the left
CeA serving an antinociceptive function (24). The mechanisms
surrounding the existence of these left-right differences are
poorly understood. Pronociceptive outputs from the right
amygdala are associated with multiple molecular mediators
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(24,26,27,37–39), but the molecular mediators of left amygdala
antinociception in lateralization remain a mystery. In numerous
cases, single neuropeptides or receptors that drive right
amygdala pronociception (e.g., metabotropic glutamate re-
ceptor 5, pituitary adenylyl cyclase-activating peptide, and
dynorphin) have no effect in the left amygdala despite the
presence of receptors and/or activity-dependent changes in
peptide expression (24,26,37).

The CeA receives nociceptive input from the periphery via
the parabrachial nucleus (PBN) along the spino-parabrachio-
amygdaloid pathway (40). The PBN is a key node in the
modulation of pain and aversion (41–43). Parabrachial neurons
that project to the CeA express high levels of calcitonin gene-
related peptide (CGRP) (44). These neurons are implicated in
visceral malaise, aversion, appetite, threat, and pain (45). Here,
we investigated the contribution of parabrachial CGRP
signaling in the left and right CeA to the lateralized modulation
of bladder pain using cell type–specific excitatory and inhibi-
tory optogenetics and pharmacology in a mouse model of
bladder pain.
METHODS AND MATERIALS

Additional details for methods can be found in Supplemental
Methods.

Animals

Experiments used Calcatm1.1(cre/EGFP)Rpa (CalcaCre) Cre-
recombinase knockin mice, CalcrlCre crossed with a Rosa26-
flox-stop-tdTomato reporter line Ai9 to generate CalcrlCre::Ai9,
or wild-type C57BL/6J female littermates. Cyclophosphamide
(CYP) was used to induce a bladder pain–like sensitivity
phenotype in rodents (46,47) by treating animals with CYP
5 days prior to experimentation.

Stereotaxic Surgeries

Adeno-associated viruses containing Cre-dependent opto-
genetic constructs were used to manipulate the activity of
Calca-expressing fibers from the PBN in the CeA. Mice
received a cannula or wireless light emitting diode (LED)
Neurolux device (Neurolux) in the CeA ipsilateral to PBN viral
injection. In control placement experiments, cannulae were
implanted over the striatum.

Urinary Bladder Distention

Urinary bladder distention (UBD) and visceromotor responses
(VMRs) were recorded by measuring electromyography of the
external abdominal oblique muscle during noxious distention.
UBD-VMR was performed as previously described (48) 1 to 2
days following the final injection of CYP under partial isoflurane
anesthesia.

Optogenetics

Light was delivered using a low-power laser diode or LED
during the light-on time point. Immediately after the completion
of the light-on time point, the light source was turned off, and
the postlight time point was collected.
Biological Psyc
Pharmacology

Animals received injection (1 mL) of artificial cerebrospinal fluid
(aCSF), 100 nM CGRP, 100 nM CGRP (8–37), or a cocktail of
100 nM CGRP and 100 nM CGRP (8–37) via cannula. For
combined optogenetic and pharmacology experiments, ani-
mals received 1 mL of aCSF, 100 nM CGRP (8–37), or a cocktail
of 22 mM AP5 and 38 mM NBQX (49) before receiving light
stimulation. For knockout experiments, optogenetic and
pharmacology experiments were performed on the same ani-
mals in a randomized order, and no effect of order was found
(Figure S7).

Mechanical Sensitivity

In vivo behavioral testing was conducted 1 to 2 days following
final CYP injection (days 6–7). This correlates to day 20 in
experiments in which animals received optogenetic stimulation
of CGRP-containing PBN fibers (i.e., day 1 is AAV surgical
injection). Calibrated von Frey filaments were used to assess
abdominal sensitivity on the right and left abdomen approxi-
mately 0.5 cm from the urethra via the up-down method to
calculate 50% withdrawal thresholds (50).

Real-Time Place Preference

Animals were habituated to a 3-chamber place preference
apparatus with distinct visual patterns. The next day (day 20
postsurgery), animals were placed back in the place prefer-
ence apparatus, where one chamber was tuned for wireless
Neurolux LED stimulation. Upon entering the tuned chamber,
the Neurolux device automatically started stimulation, which
ended as soon as the animal exited the Neurolux tuned
chamber. Animals’ activity was video recorded for 20 minutes
using AnyMaze (Stoelting #60000).

Immunohistochemistry

All viral constructs used in these experiments contained an
mCherry sequence to allow for viral targeting in Calca-express-
ing cells in the PBN and terminals in the CeA. To quantify CGRP,
brains were processed for CGRP immunohistochemistry (sec-
ondary alexa-488) in representative sections from across the
rostral-caudal axis of the CeA. All microscope images were ac-
quired using settings from a negative control, and settings were
kept consistent. Fluorescence intensity of the 488 channel was
normalized to fluorescence intensity of the DAPI channel for
each image. The capsular region of the CeA (CeC) was defined
as the area 200 mm inward from the basolateral amygdala/CeA
border (24).

Electrophysiology

Whole-cell current clamp recordings were restricted to fluo-
rescently labeled CeC neurons expressing the CGRP receptor
in slices from CalcrlCre::Ai9 or injected CalcrlCre mice. In addi-
tion, recordings were collected from late-firing, unlabeled
neurons in slices from C57BL/6J wild-type mice within the
capsular subdivision of the CeA.

RNAscope In Situ Hybridization

RNAscope probes for Calcrl, Prkcd, and Sst were used in
representative sections from across the rostral-caudal axis of
the CeA. Positive cells were identified as a DAPI-labeled
hiatry February 15, 2023; 93:370–381 www.sobp.org/journal 371

http://www.sobp.org/journal


Hemispheric Lateralized Amygdala Function in Pain
Biological
Psychiatry
nucleus surrounded by at least 3 puncta. Cell counts were
determined blinded to treatment. Cell number and percent
colocalization were averaged across sections from the same
brain.

CeA Tissue Collection and cAMP Enzyme-Linked
Immunosorbent Assay

Wild-type C57BL/6J mice received CGRP or aCSF infused into
the bilateral CeA via cannula. Mice were decapitated 40 mi-
nutes later, and brains were sectioned, flash frozen, and ho-
mogenized prior to completing cyclic adenosine
monophosphate (cAMP) enzyme-linked immunosorbent assay
according to kit instructions.

Statistics and Data Analysis

All data analyses were conducted blinded to treatment/virus/
genotype. UBD data were analyzed via unpaired t tests,
repeated-measures two-way analysis of variance (ANOVA)
followed by Bonferroni or Dunnett’s post hoc tests. Behavioral
data were analyzed using paired t tests, one-way ANOVA, or
repeated-measures two-way ANOVAs followed by Bonferroni
or Dunnett’s post hoc tests. Electrophysiology data were
analyzed via two-way repeated-measures ANOVA. RNAscope
data were analyzed using two-way ANOVAs followed by Tukey
post hoc test. Statistical significance was determined at the
level of p , .05. Asterisks denoting p values include *p , .05,
**p, .01, ***p , .001, and ****p , .0001. All data are presented
as the mean 6 SEM. Statistical information for all figures is
provided in Table S1.
RESULTS

Left and Right PBN/CeA CGRP Fibers Have
Opposing Roles on Bladder Pain–like Physiology

To explore functional lateralization of the CeA in the context of
bladder pain, we optogenetically manipulated CGRP-
containing PBN-projecting fibers with a Cre-dependent chan-
nelrhodopsin-2 (ChR2) expressed in CGRP-containing PBN
fibers in the left and right CeA during noxious bladder disten-
tion in a CYP-induced mouse model of bladder pain
(Figure 1A–C). VMRs to noxious bladder distention increased
in mice with CYP-induced cystitis (Figure 1D). Optogenetic
activation of CGRP-containing PBN fibers in the left CeA
decreased VMRs to noxious UBD, suggesting that activation
of these terminals reduced bladder pain–like physiology in
CYP-treated mice (Figure 1E–G). In contrast, optogenetic
activation of right PBN/CeA CGRP terminals further
increased VMRs (Figure 1H–J).

Halorhodopsin-mediated optogenetic inhibition of CGRP-
containing PBN/CeA terminals had opposing effects on
the left and right CeA. Silencing CGRP terminals in the left
CeA increased VMRs (Figure 1K–M), while optogenetic inhi-
bition of CGRP terminals in the right CeA decreased VMRs in
CYP-treated mice (Figure 1N–P). These experiments demon-
strate that left versus right PBN/CeA CGRP-expressing
terminals have opposing effects on the modulation of
bladder pain.
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Activation of PBN/CeA CGRP-Containing
Terminals Mediates Bladder Sensitivity but Not
Affective Pain

We used Cre-dependent ChR2-mCherry (or control mCherry
only) expression in the left or right PBN of Calca-Cre mice and
wireless blue LED (Neurolux) devices to investigate the effect
of activating PBN/CeA CGRP terminals in the left and right
CeA on pain-like behaviors in awake, freely moving animals
(Figure 2A–C). Optogenetic activation of CGRP terminals in
the left CeA increased 50% withdrawal thresholds to
abdominal mechanical stimulation, while activation of CGRP
terminals in the right CeA decreased 50% withdrawal
thresholds (Figure 2D, F). CYP increases abdominal me-
chanical sensitivity so severely (Figure 2C) that changes in
50% withdrawal thresholds are difficult to observe after CYP
induction. For this reason, 50% withdrawal thresholds were
also analyzed as a percent baseline to more clearly demon-
strate the optogenetic-induced changes in abdominal sensi-
tivity (Figure 2E, G). These findings recapitulate the results
observed in lightly anesthetized animals during UBD
(Figure 1), further demonstrating that CGRP-expressing ter-
minals in the left and right CeA differentially modulate bladder
pain–like behavior.

To investigate the influence of PBN/CeA CGRP-
expressing terminals on pain-related aversion, we evalu-
ated real-time place preference/aversion using the same
CYP-treated animals containing Cre-dependent ChR2 in
the left or right PBN and ipsilateral CeA Neurolux implants.
Mice were stimulated in 1 of 2 chambers during a 20-
minute trial (Figure 2H) and showed no preference or
aversion to the LED-associated chamber (Figure 2I). Our
results reveal that the PBN-projecting CGRP-containing
terminals in the left and right CeA differentially mediate
bladder pain–like sensation but not pain-related acute
aversion.

CGRP Increases the Firing Rate of Neurons in the
Right and Left CeA

To assess the effect of CGRP on the activity of CeA neu-
rons, we performed whole-cell patch-clamp recordings from
left and right CeA neurons in acute brain slices obtained
from naïve mice (Figure 3A). The number of action potentials
elicited by depolarizing current injections of various ampli-
tudes was measured after bath application of CGRP (500
nM) or aCSF. In all recordings, the number of action po-
tentials increased as a function of the amplitude of depola-
rizing current injected (Figure 3C–H). Action potential firing in
CeA neurons recorded in both the left and right hemispheres
was significantly higher after CGRP than after aCSF
(Figure 3D, H), demonstrating that CGRP-mediated in-
creases in action potential firing are not lateralized in the
CeA.

Pharmacological Activation of CGRP Receptors in
the Left and Right CeA Differentially Affects
Bladder Pain–like Physiology

The robust and distinctive effects that CGRP-expressing
terminals in the left versus right CeA have on bladder pain
prompted us to investigate whether CGRP itself influences
rg/journal
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Figure 1. Optogenetic stimulation of parabrachial CGRP terminals in the left and right CeA has opposing effects on bladder pain–like physiology. (A) Schematic
of surgical setup for optogenetic activation or inhibition of CGRP-positive PBN terminals in the left or right CeA. (B) Representative images of mCherry labeling
CGRP-positive cell bodies in the PBN (left) and terminals in the CeA (right). (C) Schematic for urinary bladder distention–VMR recording during optogenetic
stimulation of CGRP fibers in the left or right CeA. (D) Normalized VMRs to 60 mmHg distention in naïve and CYP-treated mice. (E) Percent change from baseline
VMRs to 60 mmHg distention during and after optogenetic activation of CGRP terminals in the left CeA. (F) AUC for panel (E). (G) Representative EMG traces for
baseline, light-on, and light-off time points in panel (E). (H) Percent change from baseline VMRs to 60 mmHg distention during and after optogenetic activation of
CGRP terminals in the right CeA. (I) AUC for panel (H). (J) Representative EMG traces for baseline, light-on, and light-off time points in panel (H). (K) Percent change
from baseline VMRs to 60 mmHg distention during and after optogenetic inhibition of CGRP terminals in the left CeA. (L) AUC for panel (K). (M) Representative
EMG traces for baseline, light-on, and light-off time points in panel (K). (N) Percent change from baseline VMRs to 60 mmHg distention during and after optogenetic
inhibition of CGRP terminals in the right CeA. (O) AUC for panel (N). (P) Representative EMG traces for baseline, light-on, and light-off time points for panel (N). All
data are presented as mean 6 SEM, and error bars represent SEM. *p , .05, **p , .01, ***p , .001. See Table S1 for further statistical information. AP, ante-
roposterior; AUC, area under the curve; BLA, basolateral amygdala; CeA, central amygdala; CeC, capsular region of the CeA; CeL, lateral CeA; CeM, medial CeA;
CGRP, calcitonin gene-related peptide; ChR2, channelrhodopsin-2; CYP, cyclophosphamide; elPBN, external lateral parabrachial nucleus; EMG, electromyog-
raphy; het, heterozygous; KO knockout; NpHR, halorhodopsin; scp, superior cerebellar peduncle; VMR, visceromotor response.
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CeA lateralization. We used CGRP pharmacology in the left
or right CeA to record VMRs of wild-type naïve or bladder-
sensitized mice following intra-CeA injection of aCSF,
Biological Psyc
CGRP, the peptide antagonist CGRP (8–37), or a cocktail of
CGRP and CGRP (8–37). In naïve animals, CGRP decreased
pain-like responses to UBD when infused in the left CeA
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Figure 2. Optogenetic activation of parabrachial
CGRP terminals in the left and right CeA has opposing
effects on pain-like behavior. (A) Schematic for wire-
less optogenetic activation of PBNCGRP terminals in
the left or right CeA during abdominal von Frey. (B)
Timeline for wireless optogenetic activation of CGRP
terminals during behavior in awake animals. (C)
Abdominal 50% withdrawal thresholds before and
after CYP treatment. (D) Fifty percent withdrawal
thresholds before and during optogenetic activation
of CGRP terminals in the left CeA of CYP mice. (E)
Percent change in 50% withdrawal threshold from
panel (D). (F) Fifty percent withdrawal thresholds
before and during optogenetic activation of CGRP
terminals in the right CeA of CYP mice. (G) Percent
change in 50% withdrawal threshold from panel (F).
(H) Schematic for wireless optogenetic activation of
CGRP terminals in the left or right CeA during RT PP/
aversion. (I) Difference scores for CYP animals with
ChR2 or mCherry during RT PP/aversion. All data are
presented as mean 6 SEM, and error bars represent
SEM. *p, .05, **p, .01, ****p, .0001. See Table S1
for further statistical information. BL, baseline; CeA,
central amygdala; CGRP, calcitonin gene-related
peptide; ChR2, channelrhodopsin-2; CYP, cyclo-
phosphamide; LED, light emitting diode; PBN, para-
brachial nucleus; RT PP, real-time place preference.
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(Figure 3K, L) but increased pain-like responses when
infused in the right CeA (Figure 3P, Q). This pattern of
lateralization was maintained in CYP-sensitized animals
(Figure 3M–T). VMRs did not change when equal parts
CGRP and CGRP (8–37) were infused together or after
vehicle infusion. In a placement control experiment targeting
the striatum of naïve mice, CGRP had no effect on VMRs
(compared with pretreatment baseline) (Figure S9). Overall,
these results suggest that CGRP contributes to CeA later-
alization in the modulation of physiological responses to
noxious bladder stimulation under both naïve and injured
conditions.
CGRP Drives CeA Optogenetic Lateralization in the
Context of Bladder Pain

PBN/CeA CGRP neurons are heterogeneous and express
numerous neurotransmitters and peptides (42,44,51,52). To
confirm that CGRP is the driving force behind the lateralized
function of the PBN/CeA circuit in bladder pain, we used
UBD to assess the effects of combining pharmacological
blockade of CeA cells [aCSF, CGRP (8–37), or the gluta-
matergic transmission blockers AP51NBQX] with
374 Biological Psychiatry February 15, 2023; 93:370–381 www.sobp.o
optogenetic activation of CGRP-expressing PBN terminals in
the CeA. VMRs were collected at baseline, at peak level of
drug activation (49,53) during laser stimulation, and after the
drug effects were gone and the laser was turned off.
AP51NBQX did not change the effects of optogenetic
stimulation of left or right PBN/CeA CGRP terminals on
bladder pain (Figure 4B, C). Control animals receiving infu-
sion of aCSF exhibited the same antihyperalgesic and
hyperalgesic effects (Figure 4B, C) of optogenetic CGRP
terminal activation in the left and right CeA, respectively, as
observed in previous experiments (Figure 1E–I). CGRP
(8–37), however, blocked the effects of optogenetic stimu-
lation on bladder pain–like physiology (Figure 4B, C), sug-
gesting that CGRP release is responsible for optogenetic-
induced lateralized changes in bladder pain.

To further confirm that CGRP drives CeA lateralization, we
used a combination of the same Cre-dependent optogenetic
and pharmacological activation approaches used in the
previous experiments during UBD in CalcaCre heterozygous
and CalcaCre/Cre homozygous (CGRP knockout) animals
(Figure 4D–L). CYP-treated animals underwent noxious UBD
to record baseline VMRs, followed by optogenetic activation
of ChR2-expressing PBN/CeA terminals in the left or right
rg/journal
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Figure 3. CGRP pharmacology in the left and right CeA. (A) Schematic and representative image of recording site in the CeA. Scale bar = 200 mm (left
image). Scale bar = 250 mm (right images). (B) Schematic and timeline for CGRP pharmacology in the left or right CeA during UBD-VMR. (C) Representative
traces of firing patterns of left CeA neurons after aCSF or CGRP perfusion. (D) Number of spikes of left CeA neurons after aCSF or CGRP perfusion, normalized
to before bath exchange. (E) Targeting of left CeA neurons recorded. (F) Vrest of left CeA neurons after aCSF or CGRP perfusion. (G) Representative traces of
firing patterns of right CeA neurons after aCSF or CGRP perfusion. (H) Number of spikes of right CeA neurons after aCSF or CGRP perfusion. (I) Targeting of
right CeA neurons recorded. (J) Vrest of right CeA neurons after aCSF or CGRP perfusion. (K) Percent change from baseline VMRs to 60 mmHg distention after
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CeA and pharmacological stimulation via CGRP infusion into
the right or left CeA. Every animal received both optogenetic
and pharmacological activation administered in a random-
ized order; we found no significant effect of the order of
activation (Figure S7). Optogenetic stimulation did not
change bladder pain–like responses in CGRP knockout an-
imals, whereas CalcaCre heterozygous animals showed the
same antihyperalgesic and hyperalgesic effects (Figure 4M,
N) observed in earlier optogenetic experiments (Figure 1E–
I; 4B, C) in the left and right CeA, respectively. While the
knockout genotype prevented optogenetic-induced
changes, there was no difference between genotypes in
response to CGRP infusion; both CGRP knockout and het-
erozygote animals displayed a decrease in bladder pain–like
physiology when CGRP was infused into the left CeA and an
increase in pain-like physiology when infused into the right
CeA (Figure 4M, N).

The Balance of CGRP-Driven CeA Laterization
Shifts in the Context of Bladder Injury

Finally, we evaluated how the pro- and antinociceptive CGRP-
driven functions of the left and right CeA coordinate to
modulate bladder pain in naïve animals as well as how the
balance changes in the context of CYP-induced bladder
sensitization. We used ChR2 to bilaterally stimulate CGRP-
containing PBN-projecting terminals in the CeA during UBD-
VMR (Figure 4O). Bilateral optogenetic stimulation decreased
VMRs from baseline in naïve animals but had no effect in CYP-
treated animals (Figure 4P). These data suggest that the
CGRP-mediated antinociceptive drive of the left CeA is
stronger in naïve animals than in those with CYP-induced
bladder sensitization.

To explore possible anatomical differences stemming from
expression of CGRP and/or the CGRP receptor, we used
immunohistochemistry to label and quantify CGRP content in
the left and right CeA of saline- and CYP-treated mice
(Figure 5A–D). We found that CYP-treated mice had lower
levels of CGRP expression, and this was seen predominantly in
the left CeA (Figure 5E).

Molecular Identity of CGRP Receptor Cells in the
CeA

The CeC receives the majority of PBN input and is defined by
CGRP fiber expression. We investigated the CeA cells that
receive CGRP input to assess if CGRP receptor expression
differed in the left and right CeA of pain and nonpain animals.
RNAScope fluorescence in situ hybridization (Figure 5F)
revealed that the number of cells expressing Calcrl in the left
versus right CeC of control and CYP animals did not differ
=

infusion of aCSF or CGRP into the left CeA of naïve mice. (L) AUC for panel (K). (M
of aCSF, CGRP (8–37), or CGRP1CGRP (8–37) into the left CeA of CYP mice. (
change from baseline VMRs to 60 mmHg distention after infusion of aCSF or CGR
from baseline VMRs to 60 mmHg distention after infusion of aCSF, CGRP (8–37), o
(T) Targeting of cannulas in the right CeA. All data are presented as mean 6 S
Table S1 for further statistical information. aCSF, artificial cerebrospinal fluid; AP, a
central amygdala; CeC, capsular region of the CeA; CeL, lateral CeA; CeM, med
related peptide receptor positive; CYP, cyclophosphamide; DIC, differential in
distention–visceromotor response.
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(Figure 5N), suggesting that Calcrl expression 1) does not differ
between hemispheres and 2) does not change in the context of
CYP-induced bladder pain. In addition, we found that CGRP
infusion into the left or right CeA increases cAMP concentra-
tion compared with infusion of aCSF, suggesting that activa-
tion of the CGRP receptor does not differentially alter cAMP
levels in the left and right CeA, consistent with the canonical
Gas Calcrl signaling cascade (Figure S9).

We next sought to study the molecular identity of CGRP
receptor–expressing cells in the left and right CeC. We colo-
calized Calcrl with Sst (somatostatin [SOM]) and Prkcd (protein
kinase C delta [PKCd]), two nonoverlapping targets of para-
brachial projections with opposing roles in pain (39,54). There
was no difference in the number of Sst or Prkcd-expressing
cells between the left and right CeC or between animals with
and without CYP treatment (Figure 5O, P), suggesting that core
anatomical expression differences do not contribute to func-
tional CeC lateralization in bladder pain. The percent of Calcrl-
expressing CeC cells that also expressed Sst did not differ
between sides or change in the context of pain (Figure 5R).
However, control animals showed less Calcrl-expressing cells
that also expressed Prkcd in the right CeC, but this difference
disappeared in the context of CYP-induced bladder sensiti-
zation; CYP animals showed no lateralization of Calcrl1Prkcd
in the CeC (Figure 5S). These data demonstrate that in animals
without bladder pain, Calcrl-expressing cells have lower
coexpression with Prkcd in the right CeC, but in the context of
CYP-induced bladder sensitization, more Calcrl cells express
Prkcd.

DISCUSSION

Our studies demonstrate substantive functional lateralization
of the PBN/CeA circuit in the context of bladder pain.
Strikingly, this lateralization appears to be driven by the same
neuropeptide, CGRP, in both hemispheres. We demonstrated
that optogenetic manipulation of left versus right PBN/CeA
CGRP terminals has opposing effects on bladder pain–like
behaviors but does not influence pain-related aversion after
bladder injury. Using CGRP knockout animals, we established
that it is indeed the action of CGRP released from the PBN that
drives right CeA–optogenetically mediated hyperalgesia and
left CeA–optogenetically mediated antihyperalgesia in bladder
pain. Furthermore, our studies reveal that Calcrl-expressing
cells in the CeA have distinct coexpression patterns with Prkcd
that change in the context of CYP-induced bladder sensitiza-
tion. To our knowledge, this is the first study not only to
confirm that CGRP in the right CeA contributes to modulation
of visceral pain, as it does with other pain models (55–58), but
also to demonstrate that CGRP has an opposing and anti-
hyperalgesic role in the left CeA in the context of bladder pain.
) Percent change from baseline VMRs to 60 mmHg distention after infusion
N) AUC for panel (M). (O) Targeting of cannulas in the left CeA. (P) Percent
P into the right CeA of naïve mice. (Q) AUC for panel (P). (R) Percent change
r CGRP1CGRP (8–37) into the right CeA of CYP mice. (S) AUC for panel (R).
EM, and error bars represent SEM. *p , .05, **p , .01, ****p , .0001. See
nteroposterior; AUC, area under the curve; BLA, basolateral amygdala; CeA,
ial CeA; CGRP, calcitonin gene-related peptide; CGRPR1, calcitonin gene-
terference contrast; EMG, electromyography; UBD-VMR, urinary bladder
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There is a wealth of conflicting evidence for the CeA being
both pro- and antinociceptive across different pain models,
manipulations, and experimental end points (13). Our right
CeA CGRP data align with what is already known about
CGRP’s well-established pronociceptive role in the right CeA
in other pain models (55–59). Our discovery of a role for
CGRP as an antinociceptive mediator in the left CeA in the
context of bladder pain is supported by a single study that
found that CGRP infused into the left CeA increased me-
chanical threshold in naïve rats (60). Combined with our data
demonstrating diametrically opposed roles of CGRP in left
and right CeA in the context of bladder pain, it is possible
that CGRP in the CeA has lateralized effects in other pain
models as well.

Simple anatomical differences, such as the proportion of
cells expressing pro- or antinociceptive markers (39,53,61–63),
could underlie or contribute to CeA lateralization. Recent work
demonstrates bimodal modulation of neuropathic pain by
SOM- and PKCd-expressing cells in the right CeA (39). We
observed changes in coexpression of Prkcd with Calcrl in the
context of CYP. Though we are unable to confirm whether this
increase in expression is biologically significant at this time,
these findings should be explored in future studies. Tech-
niques that will provide a more rigorous analysis of left versus
right hemispheric differences in pain and nonpain states, such
as Fos-mediated targeted recombination in active populations,
fluorescence-activated cell sorting, and RNA sequencing of
Fos-labeled neurons in response to noxious stimulation will be
extremely important to address this question.

In contrast to anatomical lateralization, there is evidence
for time-dependent lateralization of neuronal activity in the
CeA in response to pain (64). The coordination of the left and
right CeA to modulate bladder pain may also have a time-
dependent factor that alters the hemispheric dominance of
neural activity after injury. Using bilateral optogenetic stimu-
lation, we found that the balance of the CGRP-driven
opposing functions of the left and right CeA shifts in the
context of CYP. In naïve animals, the left CeA’s anti-
hyperalgesic function is dominant in modulating bladder
pain–like behavior, but this effect is lost in CYP-treated ani-
mals. The decreased CGRP expression in the left CeA
following CYP may partially account for the loss of
=

Figure 4. Effects of optogenetic activation in the left and right CeA are due to
AMPA and NMDA receptors in the CeA during optogenetic activation of CGRP ter
baseline, during optogenetic activation and pharmacological inhibition, and after o
left CeA. (C) Percent change in VMRs to 60 mmHg distention at baseline, during
and pharmacological manipulation in the right CeA. (D) Schematics for optogen
receptor cells in Calca-Cre heterozygous and knockout mice. (E, F, I, J) Represe
(white) in the CeA of CalcaCre/1 heterozygous (E, F) and CalcaCre/Cre homozygous
in the PBN (G) and terminals in the CeA (H) of Calca-Cre heterozygous mice. (K,
and terminals in the CeA (L) of homozygous mice. (M) Percent change from bas
terminals (left) and pharmacological activation or CGRP receptor cells (right) in the
change from baseline VMRs to 60 mmHg distention during optogenetic activatio
cells (right) in the right CeA of CalcaCre heterozygous and homozygous CYP mice
CeA of CalcaCre mice. (P) Percent change from baseline VMRs to 60 mmHg press
terminals in naïve and CYP-treated animals. All data are presented as mean 6 S
.0001. See Table S1 for further statistical information. aCSF, artificial cerebrosp
capsular region of the CeA; CGRP, calcitonin gene-related peptide; ChR2, chann
PBN, parabrachial nucleus; PL, post laser; VMR, visceromotor response.
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antihyperalgesia observed in CYP animals during UBD-VMR.
Investigation of time-dependent hemispheric changes in
neuronal activity will be important to explore as pain shifts to
the more chronic state, which may provide more insight into
the type of disruptions that occur in chronic pain in humans.

In the context of the human condition, left-right differences
have been observed in the amygdala of patients with UCPPS.
UCPPS studies using neuroimaging report lateralization of
amygdala volume, activation, and functional connectivity differ
in patients with and without bladder pain conditions. Women
with bladder pain have greater left amygdala gray matter vol-
ume than women without bladder pain (35,36), and functional
magnetic resonance imaging studies reveal that women with
bladder pain conditions have increased connectivity between
the left amygdala and periaqueductal gray (65). Changes to the
typical amygdala asymmetry in the context of bladder pain
suggest that altered brain structure and connectivity may exist
in other types of chronic pain as well.

Our studies establish that the lateralized modulation of
bladder pain–like behaviors by the CeA is driven via CGRP
signaling from the PBN. Surprisingly, we found that opto-
genetic manipulation of PBN/CeA CGRP terminals in neither
the left nor right CeA influenced pain-related aversion. Previ-
ous studies indicate that nonspecific bilateral optogenetic
stimulation of PBN terminals in the CeA of normal mice in-
duces both robust real-time and conditioned place aversion
(66). Interestingly, bilateral activation of CGRP-containing PBN
projection terminals in the rostral but not caudal CeA produced
place aversion (67). Our CeA targets were predominantly
caudal, suggesting that signaling from CGRP-positive PBN
projection neurons to the caudal CeA modulates the sensory
components of pain without regulating the aversive compo-
nents. Alternatively, unilateral activation of CGRP-expressing
PBN/CeA terminals may not be sufficient to modulate the
aversive components of bladder pain. It is possible that both
the left and right CeA are required for developing a pain-
associated preference or aversion.

Advent of new technologies allows us to investigate com-
plex processes such as pain more completely via the labeling
and manipulation of neural ensembles (68). CGRP signaling in
the CeA contributes largely to the modulation of bladder pain–
like behaviors, but it is only one part of a larger ensemble that
parabrachial CGRP signaling. (A) Schematic for blocking CGRP receptors or
minals from the PBN. (B) Percent change in VMRs to 60 mmHg distention at
ptogenetic and pharmacological (# AP51NBQX, *aCSF) manipulation in the
optogenetic activation and pharmacological inhibition, and after optogenetic
etic activation of CGRP terminals and pharmacological activation of CGRP
ntative immunohistochemistry for CGRP (fuchsia) and RNAscope for Calcrl
(I, J) mice. (G, H) Representative mCherry tagged ChR2 in Cre-positive cells
L) Representative mCherry tagged ChR2 in Cre-positive cells in the PBN (K)
eline VMRs to 60 mmHg distention during optogenetic activation of CGRP
left CeA of Calca-Cre heterozygous and homozygous CYP mice. (N) Percent
n of CGRP terminals (left) and pharmacological activation of CGRP receptor
. (O) Schematic for bilateral ChR2 injections in the PBN and cannulae in the
ure during bilateral optogenetic stimulation of CGRP-containing PBN/CeA
EM, and error bars represent SEM. *p , .05, **p , .01, ***p , .001 ****p ,

inal fluid; AP, anteroposterior; BL, baseline; CeA, central amygdala; CeC,
elrhodopsin-2; CYP, cyclophosphamide; het, heterozygous; KO, knockout;
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Figure 5. Molecular comparison of the left and right CeA in pain and nonpain mice. (A, B) Representative immunohistochemistry for CGRP in the left (A) and
right (B) CeA of saline-treated mice. (C, D) Representative immunohistochemistry for CGRP in the left (C) and right (D) CeA of CYP-treated mice. (E) Quantified
fluorescence intensity of CGRP in the left and right CeA of saline and CYP mice. (F–H, J–L) Representative RNAscope for Calcrl (F, J), Sst (G, K), and Prkcd (H,
L) in the CeA. (I, M) Representative merge to show colocalization (fuchsia arrowhead: Calcrl only, yellow arrowhead: Sst only, white arrowhead: Prkcd only,
filled yellow arrowhead: Calcrl and Sst, filled white arrowhead: Calcrl and Prkcd). (N) Percent of Calcrl-positive cells in the left and right CeC of saline and CYP
mice. (O) Percent of Sst-positive cells in the left and right CeC of saline and CYP mice. (P) Percent of Prkcd-positive cells in the left and right CeC of saline and
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encodes pain in the brain. Future investigation of how CGRP
signaling in the CeA fits into broader circuits that modulate
pain will reveal more extensive insight into the phenomenon of
CeA lateralization and pain processing.
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