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SUMMARY

Maladaptive plasticity is linked to the chronification of diseases such as pain, but the transition
from acute to chronic pain is not well understood mechanistically. Neuroplasticity in the

central nucleus of the amygdala (CeA) has emerged as a mechanism for sensory and emotional-
affective aspects of injury-induced pain, although evidence comes from studies conducted almost
exclusively in acute pain conditions and agnostic to cell type specificity. Here, we report time-
dependent changes in genetically distinct and projection-specific CeA neurons in neuropathic pain.
Hyperexcitability of CRF projection neurons and synaptic plasticity of parabrachial (PB) input

at the acute stage shifted to hyperexcitability without synaptic plasticity in non-CRF neurons at
the chronic phase. Accordingly, chemogenetic inhibition of the PB—CeA pathway mitigated pain-
related behaviors in acute, but not chronic, neuropathic pain. Cell-type-specific temporal changes
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in neuroplasticity provide neurobiological evidence for the clinical observation that chronic pain is
not simply the prolonged persistence of acute pain.
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In brief

The transition from acute to chronic pain and the chronification of diseases in general are not
well understood mechanistically. Kiritoshi et al. demonstrate time- and cell-type-specific forms of
neuroplasticity in chronic neuropathic pain in the amygdala, a brain region that is linked to the
emotional-affective aspects of pain and pain modulation.

INTRODUCTION

Neuroplasticity forms the basis for important functions such as learning and memory, but
it is also a mechanism of neurological and psychiatric disorders,12 and structural and
functional neuroplastic changes are observed in pain conditions.3# Chronic pain is a health
problem that affects about 20% of the world’s population,>~” impacting the quality of

life of patients and caregivers as well as healthcare costs.8-10 Pain is a complex sensory
and emotional experience that involves the encoding of nociceptive signals and higher
integrated processing in brain circuits such as the corticolimbic system.11.12 Pain-related
neuroplasticity in the brain, however, remains an understudied line of research despite an
urgent need to identify mechanisms and targets for improved therapeutic approaches.

Cell Rep. Author manuscript; available in PMC 2024 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiritoshi et al.

RESULTS

Page 3

The amygdala, a key component of the corticolimbic system, is one of only a few

brain regions that have been explored for neuroplastic changes in pain conditions.13

The central nucleus of the amygdala (CeA) receives nociceptive information via the
spino-(trigemino-)parabrachio (PB)-amygdaloid pathway, and through integrative processing
plays an important role in the somatosensory and emotional-affective aspects of pain.13-15
Synaptic plasticity in the PB—CeA pathway and changes in the excitability of CeA neurons
have been linked to pain-related behaviors in different models.16-25 However, these studies
were undertaken in acute pain conditions or at the early stages of persistent pain models.

Mechanisms of the transition to chronic pain are generally not well understood. Here, we
addressed this important knowledge gap by evaluating amygdala neuroplasticity in chronic
pain states in genetically distinct and projection-specific CeA cells. The CeA comprises
highly heterogeneous populations of GABAergic neurons identified by their genetic, firing,
and connectivity properties.24:26-32 Qur recent studies using transgenic mice revealed

the opposing role of CeA-somatostatin (SOM) and CeA-protein kinase C delta (PKCS)
neurons in pain-related behaviors as well as excitability changes in these neurons.23:24
Furthermore, we demonstrated important contributions of CeA-corticotropin-releasing factor
(CRF) neurons to pain-related behaviors.33:34 Injury-induced CeA neuroplasticity is also
firing type and projection specific.20:21 Importantly, a recent study provided evidence for
synaptic changes in CeA-CRF neurons in brain slices at the acute phase of a neuropathic
pain model.22 However, pain-related excitability changes in CeA-CRF neurons remain to be
determined, and synaptic and cellular changes in different types of CeA neurons in chronic
pain conditions are not known.

Here, we focused on CRF neurons in the CeA and sought to determine differences in
excitability and PB-driven synaptic transmission between acute and chronic phases of
neuropathic pain models using brain slice patch-clamp recordings. We also investigated
anatomical and electrophysiological differences between periaqueductal gray (PAG)- and
PB-projecting CeA-CRF neurons. Since we found a shift from plasticity at the PB—CeA
synapse and hyperexcitability of CRF projection neurons at the acute stage to synaptic
plasticity-independent hyperexcitability in non-CRF neurons at the chronic phase, we also
explored the cell type of these non-CRF (SOM and PKC8) neurons. Finally, we examined
the contribution of the PB—CeA pathway to pain-related behaviors at the different pain
stages using chemogenetics.

Loss of synaptic plasticity at the chronic stage of neuropathic pain

Electrophysiological studies were performed in brain slices from behaviorally tested
animals. Paw withdrawal thresholds were measured 1 week (acute phase) or 4 weeks
(chronic phase) after spinal nerve ligation surgery (SNL model) to confirm the development
of neuropathic pain (Figure 1A). Consistent with previous studies on amygdala function in
the SNL neuropathic pain model,18:34-37 neuropathic animals showed significant mechanical
hypersensitivity at both acute and chronic phases of SNL compared to sham controls (F3, go
= 39.55, p<0.0001, one-way ANOVA with post hoc Bonferroni tests; Figure 1B).
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To examine pain-related changes in CeA neurons at the acute and chronic phases of SNL,
whole-cell patch-clamp recordings were made from fluorescently labeled CRF neurons in
the lateral and capsular divisions of the CeA (CeL/C) or from unlabeled non-CRF neurons in
the capsular division of the CeA (CeC) in brain slices collected from Cr#A-Cre rats injected
into the amygdala with an adeno-associated virus (AAV) vector encoding the Cre-dependent
fluorophore mCherry (Figures 1C and 1D). Consistent with previous reports using the same
Crh-Cre rat line,38:39 the majority of CRF neurons was located in the lateral division of

the CeA (CelL) and showed a late-firing (LF) pattern (Figures 1E and 1F). However, the
majority of CeC non-CRF neurons showed a low-threshold bursting firing pattern (Figures
1E and 1G), which is one of the main firing types found in unidentified CeL/C neurons in rat
brain slices.20:324041 There was no significant difference in the ratio of cell types between
the experimental groups (p > 0.05, Fisher’s exact test; Figures 1F and 1G), demonstrating
that neither acute nor chronic neuropathic pain conditions affect the relative distribution

of firing phenotypes of CRF or non-CRF neurons. Because of the very low incidence of
regular spiking and low-threshold bursting types in CRF neurons, and regular spiking and
LF types in non-CRF neurons, the remainder of this study focuses on LF CRF neurons and
low-threshold bursting non-CRF neurons.

To investigate pain-related changes in synaptic transmission, we measured excitatory
postsynaptic currents (EPSCs) in response to the electrical stimulation of PB inputs in

the visually identified tract dorsomedial to the CeA and ventral to caudateputamen,16:42:43
where no other afferents to the CeA have been described.#244 To validate the electrical
stimulation of PB input, we used optogenetic activation of the terminals of PB afferents

in the CeA and compared the properties of electrically and optogenetically evoked EPSCs
in the same cell (Figure S1). We found substantial similarity in kinetics of the EPSCs
evoked with both stimulation techniques (Figures S1D, S1E, S1H, and S11), indicating
that PB inputs were activated by electrical stimulation of these fibers. We further
confirmed that the responses were purely glutamatergic by the application of glutamate
receptor antagonists AP5 and CNQX (Figures S1F and S1J). Subsequent experiments to
examine pain-related synaptic changes were conducted with electrical stimulation because
of potentially confounding factors associated with optogenetics, such as variable opsin
expression among animals.4°

PB-driven EPSCs were significantly increased in both CRF (F1, 204 = 19.53, p<0.0001,
two-way ANOVA) and non-CRF (Fy 154 = 10.80, p< 0.01, two-way ANOVA) neurons in
brain slices from acute, but not chronic, SNL rats (CRF neurons: F1 308 = 1.013, p> 0.05;
non-CRF neurons: F1 294 = 3.568, p> 0.05; two-way ANOVA, Figures 2A-2E). There was
no significant change in paired-pulse ratio (PPR) (p> 0.05, unpaired t test; Figures 2F-21),
arguing against a major role of changes in presynaptic release properties in pain-related
synaptic plasticity. The loss of synaptic plasticity at the chronic stage of neuropathic pain
represents an unexpected finding.

PB input is the major if not exclusive source of calcitonin gene-related peptide (CGRP)
in the CeA, where CGRP axon terminals from PB contact CRF and PKC8 but not SOM
neurons!3; and this system plays a crucial role in pain-related behaviors and synaptic
plasticity.13:36:46-51 T hetter understand the loss of synaptic plasticity in the PB input,
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we tested the effect of a CGRP antagonist (BIBN4096BS) on PB-driven EPSCs in non-CRF
neurons in the CeC at the chronic SNL phase when the pain-related enhancement of EPSCs
was no longer detectable. In contrast to the significant inhibitory effect we had reported in
an acute pain model,#® BIBN4096BS did not significantly decrease EPSCs in non-CRF CeC
neurons at the chronic SNL phase (F1, 25 = 0.4856, p> 0.05, two-way repeated measures
ANOVA, Figure S2).

Time-dependent contribution of PB-CeA inputs to neuropathic pain behaviors

To investigate behavioral consequences of the time-dependent change of PB input (Figures
2B-2E), we measured tactile hypersensitivity in a well-established sciatic nerve cuff
mouse pain model®2 and selectively inhibited the PB—CeA pathway at different phases
using an intersectional chemogenetic approach (Figure 2J). We used the designer drug
clozapine N-oxide (CNO) to selectively inhibit neurons expressing the inhibitory hM4Di
designer receptor exclusively activated by designer drug (DREADD). This intersectional
chemogenetic strategy allowed us to specifically inhibit CeA-projecting PB neurons. A
virus expressing LacZ (AAV8-CMV-LacZ-bGH) was co-injected with the Cre-expressing
retrograde tracer in the CeA to verify injection sites. LacZ immunostaining showed

that all retrograde viral vector injections were restricted to the CeA (Figures 2K and

S3A). Evaluation of mCherry* cells further demonstrated robust transduction of inhibitory
DREADDs (hM4Di) restricted to PB neurons (Figures 2L and S3B).

We measured stimulus-evoked tactile sensitivity 1 and 3 weeks after sciatic nerve injury
(Figure 2M). Mice displayed hypersensitivity at both time points as demonstrated by lower
mechanical thresholds in the ipsilateral hindpaw compared to the contralateral hindpaw and
compared to sham-operated mice. As illustrated in Figure 2N, CNO (intraperitoneal [i.p.],
10 mg/kg body weight)-induced chemogenetic inhibition of CeA-projecting PB neurons at
1 week of nerve injury reversed tactile hypersensitivity in the ipsilateral paw compared

to before CNO injection (F7, 392 = 59.73, p < 0.0001, two-way ANOVA) and mCherry
control mice (Fs 56 = 450.4, p < 0.001, two-way ANOVA). No effect was seen after

CNO treatment in mice injected with the control mCherry vector into PB, indicating that
CNO by itself had no effect. Notably, tactile hypersensitivity after 3 weeks of nerve injury
in the ipsilateral hindpaw was unaffected by CNO-mediated chemogenetic inhibition of
CeA-projecting PB neurons (Figure 2N); thus, withdrawal thresholds in the ipsilateral paw
before and after CNO or saline treatment were indistinguishable. Withdrawal thresholds

in both paws of sham-operated mice and in the contralateral paw of cuff-implanted mice
were comparable before and after chemogenetic inhibition of CeA-projecting PB neurons,
indicating that baseline nociception was not affected by this pathway. Together, the loss of
synaptic plasticity in the PB—CeA pathway and the lack of chemogenetic behavioral effects
strongly suggest that CeA-projecting PB neurons contribute to the induction but not the
maintenance of neuropathic pain.

Time-dependent changes in excitability of CeA CRF and non-CRF neurons in the transition
from acute to chronic neuropathic pain

Since we discovered loss of synaptic plasticity in the PB—CeA pathway, we explored any
changes in excitability of CeA neurons at the acute and chronic phases of SNL (Figure
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3A). The excitability of CRF neurons in the CeL/C was significantly increased at the acute
(F1, 576 = 5.174, p< 0.05, two-way ANOVA), but not the chronic (F1 720 = 2.757, p>
0.05, two-way ANOVA), phase of SNL (Figures 3B and 3C). In contrast, the excitability
of non-CRF neurons in the CeC was increased at the chronic (Fy 414 = 58.08, p< 0.0001,
two-way ANOVA), but not the acute (F1, 396 = 1.421, p> 0.05, two-way ANOVA), phase
of SNL (Figures 3D and 3E). There was no significant difference in resting membrane
potential (RMP), rhecbase, and input resistance (Rj,) between neurons from sham and SNL
rats (o> 0.05, unpaired t test; Figures S4A-S4D). The data suggest that hyperexcitability
of CRF neurons at the acute pain stage may be linked to synaptic plasticity of PB input,
but hyperexcitability of non-CRF neurons at the chronic stage is independent of increased
excitatory drive from PB as synaptic plasticity is no longer observed in the PB—CeA
pathway.

Cell-type-specific changes in excitability of CeA neurons at the chronic phase of
neuropathic pain

We next sought to identify the cell type(s) of CeC non-CRF neurons that showed increased
excitability at the chronic phase of neuropathic pain (Figure 3). We focused on CeL/C
neurons expressing PKCS, the CGRP receptor (CGRPR), or SOM given their previously
shown contributions to nociceptive processing.22-2451.53 Tg jdentify PKC8, CGRPR, and
SOM neurons in brain slices, we used transgenic Prkca-Cre, Calcrl-Cre, and Sst-Cre mice
crossed with homozygous Ai9 reporter mice (Figure 4A). The sciatic nerve cuff model of
neuropathic pain®2 was used for these experiments. Similar to our results with the SNL
model of neuropathic pain (Figure 1B), robust hypersensitivity to tactile stimuli was found
at both 1 week and 3 weeks postinduction (Figure 2N). Contrary to our expectations based
on previous studies that showed minimal colocalization of PKC8 and CGRPR neurons with
CRF neurons and their preferential localization in the CeC,23:38:47.54.55 pgjther CeA-PKCS
(F1, 30 = 0.1453, p> 0.05, two-way ANOVA) nor CeA-CGRPR (F1 g4 = 0.9114, p>

0.05, two-way ANOVA) neurons showed a significant increase in excitability at the chronic
phase of neuropathic pain compared to sham controls (Figures 4B-4G). Instead, we found
increased excitability of regular spiking (F1 41 = 3.112, p < 0.05, two-way ANOVA), but not
LF (F1 62 = 1.645, p> 0.05, two-way ANOVA), SOM neurons at the chronic phase (Figures
4H-4K).

Time-dependent contribution of genetically distinct CeA neurons to neuropathic pain

behaviors

The identification of time- and cell-type-specific changes in CeA neurons in neuropathic
pain made us seek to determine the behavioral contributions of different CeA cell types.

To do so, we chemogenetically inhibited PKC8, CGRPR, or SOM neurons in the CeA

at the acute and chronic phases of the cuff-induced neuropathic pain model (Figures
4L-40). Inhibition of CeA-PKC8 or CeA-CGRPR neurons significantly mitigated tactile
hypersensitivity at both the acute and chronic phases, but the effects were much more
pronounced at the acute phase (CeA-PKCS8 neurons: Fq 4 = 40.01, p<0.0001; CeA-
CGRPR neurons: Fq g = 8.801, p< 0.05; two-way ANOVA, Figures 4M and 4N), which
may reflect synaptic plasticity in the PB—CeA pathway in acute but not chronic neuropathic
pain and a lack of increased excitability at the chronic stage. Interestingly, chemogenetic
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inhibition of CeA-SOM neurons had no significant effect on tactile hypersensitivity at the
acute and chronic phases (Fy g = 3.743, p> 0.05, two-way ANOVA; Figure 40), which may
be because only a subpopulation of SOM neurons showed hyperexcitability. These results
suggest time- and cell-type-specific involvement of CeA neurons in pain-related behaviors.

Projection-specific pain-related changes in CeA-CRF neurons

Our experiments revealed that the mechanisms driving CeA modulation of the initiation and
chronification of pain are distinct. To determine whether the changes in CRF neurons at the
acute neuropathic pain stage (Figures 2 and 3) were projection specific, we focused on the
efferent projections of CeA-CRF neurons to the PB and PAG, two key pain modulatory
brainstem regions previously shown to receive inputs from CeA-CRF neurons,13:38:56

To identify PB- and PAG-projecting CeA-CRF neurons, we co-injected retrograde AAVs
expressing the Cre-dependent fluorophores EGFP and tdTomato (AAVrg-hSyn-DIO-EGFP
and AAVrg-FLEX-tdTomato) into the PB and PAG, respectively, of transgenic Cr/-Cre
rats (Figure 5A). After confirming the correct targeting (Figure 5B) and specificity of the
viral vector strategy (Figure 5C), we examined the anatomical distribution of PB- and
PAG-projecting CRF neurons within the CeA (Figure 5D). Quantification of retrogradely
labeled neurons along the rostro-caudal levels of each CeA subdivision showed that the
vast majority of retrogradely labeled neurons are within the CeL, with less than 48 neurons
retrogradely labeled in the CeC or CeM. Additional analyses showed a significantly larger
number of PB-projecting CRF neurons compared to PAG-projecting ones (o < 0.01, paired
t test; Figure 5E). Evaluation of the percentage of retrogradely labeled cells further showed
that the rostro-caudal distribution of CRF neurons projecting to PB or PAG was similar
within the CeA (Figure 5F). Importantly, we found that PB- and PAG-projecting CRF
neurons were largely non-overlapping populations (Figure 5G).

CeA-CRFneuronsexpressotherneurochemicalmarkers,38:54:55 put this is not known for CRF
projection neurons. We conducted immunohistochemistry (IHC) to determine whether CeA-
CRF neurons projecting to PB and PAG co-express neurochemical markers for SOM and
PKCS (Figure 5H). We found that 32.2% of PB-projecting, 12.8% of PAG-projecting, and
20.0% of dually projecting CeA-CRF neurons co-expressed SOM (Figure 51). In contrast,
less than 2% of PB-projecting or PAG-projecting and less than 7% of dually projecting
CeA-CRF neurons co-expressed PKCS8 (Figure 51). Retrogradely labeled CeA neurons co-
expressing SOM were also mostly localized to the CeL and were distributed throughout the
rostro-caudal CeA (Figure 5J).

Next, we compared the electrophysiological properties between PB- and PAG-projecting
CRF neurons (Figure 6). We found significantly higher excitability in PB-projecting CeA-
CRF neurons compared to PAG-projecting ones in brain slices from naive rats (F1 468 =
9.628, p<0.01, two-way ANOVA,; Figure 6F). There was no significant difference in other
cellular properties (RMP, rheobase, Rj,) (o> 0.05, unpaired t test, Figure S4E) and synaptic
transmission (PB-driven EPSCs, Fq 154 = 0.4369, p> 0.05, two-way ANOVA,; Figure 6G)
and PPR (p> 0.05, unpaired t test; Figure 6H).

Finally, we examined pain-related changes in these projection-defined CeA-CRF neurons in
the acute phase of neuropathic pain (Figure 7), because at this time point, CeA-CRF neurons
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showed synaptic plasticity and hyperexcitability (Figures 2 and 3). We found increased
excitability in PAG-projecting (F1 450 = 17.47, p< 0.0001, two-way ANOVA; Figures 7F
and 7G), but not PB-projecting (F1, 432 = 1.966, p> 0.05, two-way ANOVA, Figures 7]
and 7K), CeA-CRF neurons in the SNL model compared to sham controls. We also found
enhanced PB-driven EPSCs in both projection neurons, but the increase was greater in
PAG-projecting CeA-CRF neurons (F1, 133 = 21.89, p < 0.0001, two-way ANOVA, Figure
7L) compared to that in PB-projecting ones (F1, 154 = 8.93, p< 0.01, two-way ANOVA,
Figure 7N). There was no significant difference in PPR (p > 0.05, unpaired t tests; Figures
7M and 70), arguing against presynaptic mechanisms. These results show that changes in
synaptic transmission and excitability of CeA-CRF neurons at the acute stage of neuropathic
pain are projection specific and more pronounced in CeA-CRF neurons projecting to the
PAG.

DISCUSSION

This study addressed an important knowledge gap in the field of pain research and
neuroplasticity by identifying cell-type-specific synaptic and cellular mechanisms of the
chronification of pain. This is important because the pathophysiology of chronic diseases is
generally not well understood. This is also true for chronic pain, where emerging evidence
points to a reorganization of brain activity and networks, including in limbic regions,57:58
but brain mechanisms of pain chronification are an understudied area of research. Here,
we show fundamental changes in neuroplasticity driving the transition from acute to
chronic pain in the amygdala, a limbic brain region concerned with pain modulation.>®
Specifically, the present study demonstrates that the PB—CeA-CRF pathway and CRF
neuronal hyperexcitability are critical for the initiation but not the maintenance of chronic
neuropathic pain and that this pain-related plasticity is projection specific.

Critical contribution of the PB—CeA pathway to acute but not chronic neuropathic-pain-
related behaviors

The CeA receives nociceptive input through the PB pathway.4 Although previous studies
showed enhanced synaptic transmission at the PB-CeA synapse in different pain models,6-
19,35,60-62 they focused on acute/subacute pain (hours to 2 weeks), and synaptic plasticity
at the chronic phase was not shown. Here, we compared PB-driven synaptic transmissions
in the CeA between chronic neuropathic pain and sham control, and found no significant
enhancement of PB-CeA synaptic transmission. This represents a dramatic change in the
role of PB—CeA pathway and the mechanism of neuroplasticity in chronic pain, which
may involve structural synaptic reorganization, as we observed previously.53 The change

in synaptic plasticity translated into behavioral consequences, because the inhibition of CeA-
projecting PB neurons mitigated hypersensitivity at the acute phase of the neuropathic pain
model, which is consistent with our recent study.1® However, inhibition of CeA-projecting
PB neurons was no longer effective against the hypersensitivity at the chronic phase,

further supporting the idea of a time-dependent contribution of the PB—CeA pathway to
pain-related neuroplasticity and behaviors. Therefore, inhibition of the PB-CeA pathway at
the acute phase may have translational implications to prevent the transition to chronic pain.
Our findings align well with a recent study that found activation of PB Calca neurons to be
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necessary and sufficient to induce chronic pain, but their inhibition was ineffective against
already-established allodynia.* Their results suggest that neuroplasticity downstream of the
PB had become independent from PB plasticity under chronic pain conditions, and here we
identified the CeA as a key brain area for the maintenance of so-called nociplastic pain.85.66

Although we did not extensively study pre- versus postsynaptic mechanisms here, it is
important to note that a previous study showed increased PPR in CeA-CRF neurons at the
acute phase of a neuropathic pain model using optogenetic stimulation of PB inputs,?2 which
would reflect decreased transmitter release probability. We found increased transmission
but no change in PPR using electrical stimulation (Figure 2F), which could be related to
previously reported differences between optogenetic and electrical stimulations when they
were used to evoke synaptic transmission at high frequency.5” While we report comparable
data for electrically and optogenetically evoked synaptic responses (Figure S1), differences
could exist when it comes to studying synaptic plasticity. It is also possible that differences
in time points after the surgery (10 days vs. 7 days) or the pain models (spared nerve injury
[SNI] vs. SNL) could account for the discrepancy.

Time- and cell-type-specific excitability changes in CeA neurons in neuropathic pain

Increased excitability of CeA neurons has been reported in different pain models and is
thought to be critical for pain-related behaviors.16:17:19.25.63.68 Recent studies focused on
molecularly defined CeA neurons revealed cell-type-specific differential excitability and
synaptic changes in pain models.2223.69 Specifically, the excitability of PKC8 and SOM
neurons was increased and decreased, respectively, in the sciatic cuff neuropathic pain
model.23 In contrast, increased excitatory synaptic transmission and excitability were found
in SOM neurons and the opposite changes were found in PKC8 neurons in a muscle pain
model.5% Another study with more focus on the subdivisions of the CeA suggests decreased
excitatory input to CeC-SOM and CeL-CRF neurons in the SNI model.22 While these
findings highlight the importance of identifying cell types to understand complex processing
in the CeA, the studies were conducted in acute pain models or at the acute/subacute phase,
and information is lacking about the situation at the chronic stage of pain conditions.

This knowledge gap was addressed here. Using transgenic Cr/+Cre rats, we found time-
dependent differential synaptic and excitability changes in CRF and non-CRF neurons in
neuropathic pain (SNL model). Our results suggest an important role for CRF neurons in
the initiation of neuropathic pain, whereas non-CRF cell types contribute to the chronic
phase. This may explain the failure of CRF-based interventions in clinical studies’? and may
have therapeutic implications for chronic pain. The persistent hyperexcitability of non-CRF
neurons at the chronic phase of SNL is consistent with those from unidentified CeC neurons
in our previous studies, which have been linked to pain-related behaviors.63."1 Using Prkca-
Cre, Calcrl-Cre, and Sst-Cre mice, we further show that it is not PKC8 and CGRPR neurons
but a subset of CeA-SOM neurons that develop increased excitability at the chronic stage

of neuropathic pain. These results are consistent with previous evidence that SOM neurons
do not overlap substantially with CRF, PKC8, or CGRPR neurons,2347:54 and SOM neurons
showed increased excitability at the chronic phase of a neuropathic pain model.”2 While

Cell Rep. Author manuscript; available in PMC 2024 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiritoshi et al.

Page 10

that study did not distinguish firing types, their example traces and frequency-current (F-I)
relationship were similar to our regular spiking rather than LF neurons.’?

Interestingly, we found that chemogenetic inhibition of CeA-SOM neurons did not
measurably affect tactile hypersensitivity at either acute or chronic neuropathic stages,
whereas the chemogenetic inhibition of CeA-PKC6 or CeA-CGRPR neurons reversed
tactile hypersensitivity at the acute phase, with only a small partial reversal at the chronic
phase. The reason why chemogenetic inhibition of CeA-SOM neurons had no significant
behavioral effect at the chronic phase remains to be determined. Our data suggest that

only a subpopulation of CeA-SOM neurons contributes to pain chronification, and the
beneficial effect of their inhibition is masked by the nonselective inhibition of different
subpopulations of CeA-SOM neurons, including those that might retain their antinociceptive
function we observed at the acute phase.23 Supporting this view, recent evidence suggests
differential roles of CeA-SOM neurons in pain depending on their projection targets®3.73-75
or anatomical location within the CeA.22 Importantly, different firing patterns have also
been implicated in the functional heterogeneity of CeA-SOM neurons.”® Together, our
results suggest that CeA neurons contributing to pain chronification most likely involve a
subpopulation of SOM-expressing non-CRF neurons in the CeA.

Differential pain-related changes in PAG- and PB-projecting CeA-CRF neurons in
neuropathic pain

The CeA is well positioned to modulate pain behaviors through widespread projections

to forebrain and brainstem areas involved in behaviors and pain modulation.13 Their
downstream targets contribute to distinct behaviors.””-81 Anatomically, consistent with
previous studies,27-28:56 our histological experiments revealed that subsets of PB- and PAG-
projecting CRF neurons co-express SOM but very rarely co-express PKCS. Functionally,

a recent study revealed the important role of CeA-CRF projections to the PB under acute
pain conditions.>® However, pain-related synaptic and cellular changes in projection-defined
CeA-CRF neurons remained to be determined. Here, we examined baseline differences
between PB- and PAG-projecting CRF neurons, and pain-related changes in these neurons.
We found higher excitability in PB-projecting CeA-CRF neurons compared to PAG-
projecting ones at baseline, but more pronounced pain-related changes in PAG-projecting
ones. While the effects of CRF projections on the PAG with regard to pain modulation

are not clear, this change could be a mechanism of the well-documented switch from pain
inhibition to pain facilitation.82 Because both PB and PAG form reciprocal connections with
CeA-CRF neurons,38:83 jt will be interesting to see how these circuits contribute to pain
processing in each area and participate in the transition from acute to chronic pain. Also
unknown is whether other CeA-CRF projections differentially modulate components of pain
and how different CeA-CRF projections interact with one another during the development of
chronic pain.

Potential mechanisms of pain chronification and future directions

The key finding of our study is that synaptic plasticity develops initially in the PB—CeA
pathway but no longer contributes to hypersensitivity at the chronic phase. Since PB activity
has been shown to remain increased at the chronic phase of neuropathic pain models,%4:84
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PB neurons may contribute to pain processing at the chronic phase via projections to

other brain areas,8%:86 possibly in a firing type-specific manner.87 It is also possible that
CeA hyperexcitability is driven by input from other brain areas implicated in chronic
neuropathic pain conditions such as the basolateral amygdala (BLA),88:89 insular cortex,%0
and the paraventricular nucleus of the thalamus,! also known to provide direct inputs

to the CeA.9293 |n fact, we previously showed increased BLA-driven excitatory synaptic
transmission in CeL/C neurons at the chronic phase of neuropathic pain.”! These other
inputs could contribute to mechanisms underlying PB-independent hyperexcitability of CeC
neurons at the chronic phase and would indicate a shift in network neuroplasticity.

Reciprocal inhibitory synaptic connections and their shift to disinhibition between these
different types of GABAergic neurons®*-97 might also be an important mechanism
underlying the cell-type-specific transition in excitability from acute to chronic pain. In
addition, when interpreting these interactions, it is important to note that activation of
CeA-CRF neurons has been shown to activate, rather than inhibit, non-CRF neurons in the
CeA, likely through the activation of CRF1 receptors by locally released CRF.38

In addition to neuronal interactions, non-neuronal components could contribute to neuronal
plasticity at the chronic phase and to the transition from acute to chronic pain by driving
synaptic plasticity-independent hyperexcitability identified in this study. Accumulating
evidence suggests a critical role of neuroimmune signaling in the pathogenesis of chronic
pain.98.99 However, the primary focus of previous studies was on the periphery and spinal
cord, and the role of neuroimmune signaling in pain processing in the brain is largely
unknown. Recent evidence has implicated neuroimmune signaling in the CeA in sensory
and emotional aspects of pain.37-100-108 |t remains to be determined whether and how
neuroimmune signaling in the CeA contributes to neuroplasticity and to the transition from
acute to chronic pain. One recent study revealed critical interactions between CeA neurons
and microglia in acute stress-induced anxiety-like behaviors in mice, where a cytokine
protein (CX3CL1) released from hyperexcitable CeA neurons activated microglia.109
Activated microglia in turn inhibited hyperexcitability of CeA neurons by the engulfment
of their dendritic spines.109 These neuron-microglia interactions may serve as a negative
feedback mechanism that could explain the loss of hyperexcitability in CRF neurons and
the absence of enhanced synaptic transmission at the chronic pain stage. The mechanism

by which microglia could modify CeA neurons in a cell-type-specific manner remains to be
determined, but there is evidence that microglia interact with neurons differently, depending
on the presence or absence of their contacts with CRF neurons, 19111 possibly through
microglial CRF receptors.112.113 Additionally, since the activation of p-opioid receptors

has been shown to decrease PB-CeL/C EPSCs presynaptically,}14115 it is possible that the
release of endogenous opioids from neighboring CeA enkephalinergic neurons!8 caused the
loss of enhanced PB-CeA synaptic transmission at the chronic phase. Interestingly, a recent
study implicated systemic inflammation in the modulation of the endogenous opioid system
in the PB—CeA pathway.11°

Understanding the temporal regulation of neuroplastic changes is conceptually and perhaps
therapeutically significant. One important question is whether the neuroplastic changes
observed here are pain model specific or are linked to the different stages of the neuropathic
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pain condition. While similar neuroplastic changes have been reported for acute pain
conditions in different models,16-25 a comparison for chronic pain conditions is lacking.
Interestingly, recent studies using two different types of pain models (acid-induced muscle
pain vs. cuff-induced neuropathic pain) showed opposite changes in CeA-SOM and CeA-
PKCS neurons at similar (sub)acute time points (2 weeks vs. 1-2 weeks) after pain
induction.23:69 Here, we compared the 1-week and 3- to 4-week time points as acute and
chronic phases, respectively, based on our recent studies that showed significant molecular
and behavioral differences between these time points.34:36.37.108 Neuropathic-pain-related
synaptic changes have been consistently reported at the 1-week time point,18:3% and
therefore, we selected this time point for the acute pain stage to allow the comparison

of results. The 3- to 4-week time point is well established as the chronic stage of neuropathic
pain in different models.>2:117.118 Recent evidence suggests a shift in the activity and role of
PB neurons at this time point in a neuropathic pain model,%* further justifying the 4-week
time point for our study of the PB—CeA pathway here. No difference in the effects of
inhibition of CeA-SOM neurons on hypersensitivity was found between 4 h and 2 weeks
after muscle pain induction,% which suggests that these time points still reflect the acute
phase and also justifies our choice of the 1-week (earlier than 2 weeks) and the 3- to
4-week (later than 2 weeks) time points to distinguish acute and chronic pain mechanisms.
Hyperexcitability of CeA-SOM neurons at the 3-week time point in our study matches

the data from another study at the 6-week time point.”2 The cell-type-specific89.119.120
longitudinal monitoring of neuronal activity®8 could provide a more fine-grained analysis of
the time-dependent contribution of each CeA cell type to the transition to chronic pain.

Our previous study showed beneficial effects of inhibition of CeA-CRF neurons,3*

while activation of CeA-CRF terminals in the PB also was antinociceptive at the acute
phase.56 These contrasting results suggest differential, potentially opposing, roles of CeA-
CRF neurons in pain processing, depending on their projection targets. Based on the

more pronounced pain-related changes we found in PAG-projecting neurons and recent
evidence suggesting a pain-facilitatory role of the CeA-PAG pathway,12! it is possible that
hyperexcitable CeA-CRF neurons at the acute phase function as part of a pain-facilitatory
circuit through their synaptic outputs to specific target regions such as PAG. However, a
hyperexcitable subpopulation of CeA-SOM neurons at the chronic phase could mediate
chronic pain and comorbidities through their synaptic outputs to the lateral habenula’? or to
the zona incerta,53.73

Summary and conclusion

This study identified a potential cellular mechanism of neuroplasticity in the amygdala
underlying the transition from acute to chronic pain, which suggests that chronic pain is not
simply an extension of acute pain. The loss of synaptic plasticity in the PB—CeA pathway
is intriguing, and underlying mechanisms remain to be determined. Synaptic plasticity at
the acute and chronic stages of pain needs to be explored in different pathways such as the
corticolimbic system as there could be a relative shift of the role of ascending pathways to
reverberating brain circuits in amygdala neuroplasticity in chronic pain.
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Limitations of the study

In the present study, we focused on the right CeA because of lateralized pain processing in
the CeA,122.123 \which was suggested to be determined by the PB-CeA circuit.5! It would

be important to examine both hemispheres to gain a better understanding of neuroplasticity
and mechanisms underlying the transition from acute to chronic pain. However, a previous
study demonstrated a shift of CeA neuronal activity increases from left to right during the
development of neuropathic pain,124 which would justify our focus on the role of the right in
chronic neuropathic pain.

Another important aspect to consider is sex differences. Accumulating clinical and
preclinical evidence suggests sex differences in pain processing along the neuraxis.125 We
recently found sexually dimorphic, potentially time-dependent, functions of CGRP in the
CeA in a neuropathic pain model,3¢ perhaps suggesting a change in the of source of CGRP
from PB to the thalamus26 in females at the chronic stage. Sex differences in amygdala
pain processing and underlying mechanisms remain a largely understudied area of research.
Here, we found no differences between male and female mice in the electrophysiology

of CeA-PKC8, CeA-CGRPR, and CeA-SOM neurons and in the behavioral effects of
chemogenetic modulations of these CeA neurons, and therefore data were pooled. While the
rat experiments included only males, the consistencies between the results from experiments
in male rats and those in mice of both sexes suggest that these findings apply to both males
and females. However, given the growing evidence for sex differences in the development
of chronic pain and chronic pain syndromes,127:128 their better understanding is important to
gain insight into mechanisms of pain chronification.

Another caveat is that only sensory but not affective behavioral aspects were assessed here.
However, we previously reported affective pain behaviors such as anxiety-like behaviors
and vocalizations in neuropathic pain and showed that they were dependent on amygdala
neuronal activity.3468.71 Any mechanistic differences in the modulation of sensory vs.
affective behaviors by different types of CeA neurons remain to be determined. Finally,

we identified a subpopulation of CeA-SOM neurons as a potential key player in chronic
neuroplasticity, but it is not clear whether different subpopulations are distinct with regard
to their specific projection targets and how that might affect behavioral modulation; studies
are needed to determine the behavioral effects of the specific manipulation of individual
subpopulations of CeA-SOM neurons.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Volker Neugebauer (volker.neugebauer@ttuhsc.edu).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this work

paper is available from the lead contact upon request.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—In this collaborative study between two laboratories, we used both rats and mice
to address specific experimental questions. Because of the expertise of each laboratory, all
rat experiments were conducted in Dr. Neugebauer’s laboratory at Texas Tech University
Health Sciences Center (TTUHSC) and all mouse experiments were conducted in Dr.
Carrasquillo’s laboratory at the National Institutes of Health (NIH).

For electrophysiological, behavioral and immunohistochemical experiments at TTUHSC,
male hemizygous transgenic Cr/-Cre rats on Wistar background28 (initial breeding

pairs kindly provided by Dr. Robert Messing, UT Austin) were housed in a
temperature-controlled room under a 12-h light/dark cycle. The offspring was

genotyped to identify the presence of Cre-recombinase from tail biopsies with

the following primers: GAGTGAACGAACCTGGTCGAAATCAGTGCG (reverse) and
GCATTACCGGTCGATGCAACGAGTGATGAG (forward) (Integrated DNA Technologies
(IDT)). On the day of the experiment, rats were transferred from the animal facility and
allowed to acclimate to the laboratory for at least 1 h. They were 4 weeks of age at the start
of the surgical procedure.

For behavioral experiment with chemogenetic manipulations, male and female C57BL/6J
mice were used at NIH. They were 8-17 weeks of age at the start of the surgical
procedure. For electrophysiology experiments in brain slices from mouse, adult male

and female transgenic mice (12-18 weeks) were used at NIH. Heterozygote Prkcad-Cre
female and male mice (GENSAT-founder line 011559-UCD) were obtained from the
Mutant Mouse Resource and Research Center (MMRRC) and backcrossed with C57BL/6J
mice (The Jackson Laboratory, stock number 000664) for over 10 generations. Calcrl-

Cre mice were generated and kindly provided by Dr. Richard Palmiter (University of
Washington). Prkcd-Cre heterozygote, Calcri-Cre homozygote, or Sst-Cre heterozygote
mice (The Jackson Laboratory, founder line 018973) were crossed with homozygous

Ai9 mice (The Jackson Laboratory, founder line 007909). The generation of Prkca-

Cre, Calcrl-Cre, and Sst-Cre mice has been previously described.4”134 The offspring

were genotyped to identify a presence of Cre-recombinase from tail biopsies and PCR
(Transnetyx) with the following primers: CAGGCTAAGTGCCTTCTCTACA (reverse) and
TTAATCCATATTGGCAGAACGAAAACG (forward). Mice were housed in a vivarium
with controlled humidity and temperature under a reversed 12-h light/dark cycle (9 a.m.-9
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p.m. dark) and separated by a perforated Plexiglass divider. All procedures and behavioral
experiments were performed during the dark phase (9 a.m.—6 p.m.).

All experimental procedures were approved by the Institutional Animal Care and Use
Committees (IACUC) at TTUHSC or the National Institute of Neurological Disorders and
Stroke and the National Institute of Deafness and other Communication Disorders, and
conform to the guidelines of the International Association for the Study of Pain (IASP) and
of the NIH. Water and food were available ad /ibitun, and all efforts were made to minimize
animal suffering.

METHOD DETAILS
Viral vector injections

Brain dlice electrophysiology: Four-week-old (60-100 g) rats were used for microinjections
for brain slice electrophysiology or IHC. A Cre-dependent adeno-associated viral vector
(AAV5-Efla-DIO-mCherry, 0.5 pL, Dr. Karl Deisseroth, packaged by the Vector Core

at the University of North Carolina, Chapel Hill) was stereotaxically injected into the

CeA of transgenic Cr/-Cre rats using a 5 uL. Neuros Syringe (33 gauge, Hamilton) to
identify CeA-CRF neurons in brain slices. For the selective activation of PB input to CeA
neurons in amygdala brain slices, an AAV encoding channelrhodopsin 2 (ChR2) under the
control of the CaMKII promoter (AAV5-CaMKII-hChR2(134R)-EYFP, 0.3 uL, Dr. Karl
Deisseroth, packaged by the Vector Core at the University of North Carolina, Chapel Hill)
was injected into the PB for optical activation of PB fiber terminals in the CeA. In a
separate group of animals, retrograde Cre-dependent adeno-associated viral vectors AAVrg-
hSyn-DIO-EGFP (0.5 pL, 50457-AAVrg, Addgene) and AAVrg-FLEX-tdTomato (0.5 pL,
28306-AAVrg, Addgene) were injected into the PB and PAG, respectively, of transgenic
Crh-Cre rats to identify PB- and PAG-projecting CeA-CRF neurons in brain slices. The
following coordinates!3> were used: CeA, 2.0-2.5 mm caudal to bregma, 4.0-4.2 mm
lateral to midline, 7.5-7.6 mm deep; PB, 15° anteroposterior angle,2% 6.3-6.9 mm caudal

to bregma, 1.6-1.9 mm lateral to midline, 6.8-7.2 mm deep; PAG, 6.9—-7.2 mm caudal to
bregma, 0.6-0.8 mm lateral to midline, 5.7-5.8 mm deep. Animals were allowed to recover
5 (AAV5) or 6 (AAVrg) weeks for viral expression before brain slices were obtained for the
electrophysiology or before transcardial perfusion for IHC.

Chemogenetics. Mice were initially anesthetized with 5% isoflurane and head fixed in a
stereotaxic frame (David Kopf Instruments). Surgery was performed with 1.5-2% isoflurane
at a flow rate of 0.5 L/min. A hand warmer (Hot Rods Hand Warmers) was used for thermal
maintenance during the procedure.

For intersectional PB—CeA pathway analysis, AAVrg-hSyn-HI-eGFP-Cre-WPRE-SV40
(Addgene 105540-AAVrg) in combination with AAV8-CMV-LacZ-bGH (Addgene 105531-
AAV8) were unilaterally microinjected (1:1, 70 nL) into the right CeA and simultaneously
microinjected 100 nL of AAV8-hSyn-DIO-hM4D(Gi)-mCherry (Addgene 44362-AAV8) or
AAV8-hSyn-DIO-mCherry (Addgene 50459-AAV8) in the right PB.
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For CeA-PKC§, CeA-CGRPR and CeA-SOM neurons inhibition, 0.3 pL, 0.05 pL and 0.03
uL of AAV8-hSyn-DIO-mCherry (Addgene 50459-AAV8), or AAV8-hSyn-DIO-hM4Di-
mCherry (Addgene 44362-AAV8) virus was microinjected into the right CeA of Prkcad-Cre,
Calcrl-Cre, or Sst-Cre mice respectively using a 32-gauge, 0.5 pL Hamilton Neuros syringe.
The injections were performed at a flow rate of 0.1 pL/min, and the injector was left in place
for an additional 5 min at the end of the injection to allow for virus diffusion.

The stereotaxic coordinates were as follows: for right CeA: 1.25 mm posterior from bregma,
3.0 mm lateral to midline, 4.5 mm ventral to skull surface, and for right PB: 4.9 mm
posterior from bregma, 1.2 mm lateral to midline, 3.78 mm ventral to skull surface. At the
end of the experiments, mice were transcardially perfused with 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer, pH 7.4. Post-experiment, histological confirmation of injections
sites was performed and only animals with both correct injection sites were included in the
analyses.

Spinal nerveligation neuropathic pain model in rats: The well-established spinal nerve
ligation (SNL) model'” was used to study acute (1 week) and chronic (4 weeks) phases of
neuropathic pain. Rats were randomly assigned to the SNL and sham groups. As described
in our previous studies,3468.71 the left L5 spinal nerve was exposed and tightly ligated

with 6-0 silk thread under isoflurane anesthesia (3-5% induction and 2% maintenance).
Shamoperated animals underwent the same surgical procedure except for ligation of the
nerve and were used as controls. Behavioral tests began after a one- or four-week recovery
period. Electrophysiological recordings were performed 1 or 4 weeks after the SNL or sham
procedure. Rats were handled to minimize stress as described previously.136

Sciatic cuff neuropathic pain model in mice: In order to avoid the reported variability

or inconsistency of the SNL model in mice,137:138 we used the sciatic cuff model of
neuropathic pain in the mouse experiments, which is a more suitable neuropathic pain
model in mice with low interindividual variability because of the standardized cuffs

and procedures.?2:118 Vaalidation across different neuropathic pain models also enhances
scientific rigor. Mice were randomly assigned to receive a cuff implantation or a sham
procedure on the left sciatic nerve as described previously.52:118 Briefly, mice were initially
anesthetized with 5% isoflurane (flow rate of 0.5 L/min) and maintained at 1.5-2% for

the duration of the surgery. An incision (1 cm) was made along the proximal one-third

of the lateral left thigh. The sciatic nerve was gently stretched using forceps, and a
non-toxic, sterile polyethylene tube (PE-20, 2 mm length, 0.38 mm ID, 1.09 mm OD;
Daigger Scientific) was inserted onto the sciatic nerve for cuff animals. Sham control mice
underwent the same process of sciatic nerve exposure and stretching but without tube
implantation. Following the procedure, the incision was closed using wound clips. Mice
were returned to a housing cage and placed on top of a hand warmer (Kobayashi Consumer
Products, LLC) during postoperative recovery. Behavioral tests began after a one-week
recovery period. Electrophysiological recordings were performed 28-32 days after the cuff
or sham procedure. Mice were handled to minimize stress for at least 5 days prior to

the experiment as described previously.139 Mice also received mock intraperitoneal (i.p.)
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injections of sterile saline (70 pL) during handling to minimize stress of anesthesia injection
prior to transcardial perfusion and acute slice preparation.

Mechanosensitivity: In rats, the paw withdrawal thresholds to mechanical stimuli were
measured using an electronic von Frey anesthesiometer with the rigid tip (1ITC Life

Science Inc., Woodland Hills, CA) as described previously.34:37:106 The tip was applied
perpendicular to the plantar surface of the left hind paw with increasing force until the paw
was withdrawn, and the maximum force (in grams) applied was automatically recorded. The
measurement was repeated 3 times with an interval of at least 10 min and the values were
averaged to determine the withdrawal thresholds.

In mice, mechanical hypersensitivity was determined with von Frey filaments (North Coast
Medical, Inc. San Jose, CA) as previously described.240 Briefly, mice were handled 4-5
days for habituation. On testing day, Mice were placed individually in ventilated opaque
white Plexiglas testing chambers (11 x 11 x 13 cm) on an elevated mesh platform for

2-3 h before stimulus application. Each calibrated filament was applied five times to the
plantar surface of the hind paw until they bowed slightly. If no paw withdrawal response
was observed, next filament with large force was used. The smallest filament that evoked a
paw withdrawal response in at least three of five measurements was taken as the mechanical
threshold for that trial. The average of five trials was calculated and used as the threshold
value per hindpaw. Mechanical hypersensitivity was evaluated 1 week and 3 weeks after
cuff or sham surgery in the same mice. On each testing day, paw withdrawal threshold

was assessed at pre and 30-45 min post i.p. injection of either saline or Clozapine-N-oxide
(CNO, BML-NS105, Enzo Life Sciences, Farmingdale, NY; 10 mg/kg body weight). Mice
were randomly assigned to the saline or CNO group on the first day of each test and were
tested on the opposite treatment on the second day of the same test.

In all behavioral experiments, cohorts were counterbalanced, animals were randomly
assigned to different experimental groups, and experimenters performing injections and
behavioral procedures were blinded to the experimental groups.

Acute brain slice preparation: Rat brain slices containing the amygdala were obtained
from naive, sham, and SNL rats (9—10 weeks old, 280-400 g) as described before.34:68.71
Brains were quickly removed and immersed in oxygenated ice-cold sucrose-based
physiological solution containing (in mM): 87 NaCl, 75 sucrose, 25 glucose, 5 KCI, 21
MgCl,, 0.5 CaCl, and 1.25 NaH,PO,. Coronal brain slices (400 um) were prepared using
a vibratome (VT1200 S, Leica Biosystems, Nussloch, Germany). The amygdala slices were
then incubated in oxygenated artificial cerebrospinal fluid (ACSF) at 32°C for 30 min
before being allowed to equilibrate at room temperature (21°C) for at least an additional
30 min prior to recording. ACSF contained the following (in mM): 117 NaCl, 4.7 KCl, 1.2
NaH,POy, 2.5 CaCl,, 1.2 MgCl,, 25 NaHCO3 and 11 glucose. A single brain slice was
transferred to the recording chamber and submerged in ACSF (31 + 1°C) superfusing the
slice at ~2 mL/min. Only one or two brain slices per animal were used.

Mouse brain slices containing the amygdala were obtained from sham and cuff implanted
mice (12-18 week old) as described before.23:24 Mice were deeply anesthetized following an
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i.p. injection of Avertin (1.25%, 0.025 mL/g body weight), and perfused transcardially with
a choline chloride-based cutting solution (110.0 mM choline chloride, 12.7 mM L-ascorbic
acid, 3.1 mM pyruvic acid, 25.0 mM D-Glucose, 7.2 mM MgCl,, 0.5 mM CaCls, 25.0
NaHCO3, 1.25 mM NaHyPOy, 2.5 mM KCI). The brains were immediately extracted,
submerged in ice-cold cutting solution, and cut into 250 um-thick coronal brain slices using
a VT1200 S vibratome. Coronal slices including the CeA from the right hemisphere were
recovered in a 33°C heating chamber including ACSF (25.0 mM D-glucose, 1.0 mM MgCl,,
2.0 mM CaCly, 25.0 NaHCO3, 1.25 mM NaH,POy4, 2.5 mM KCl, 125.0 mM NaCl) 30

min after cutting. Following incubation, slices recovered for an additional 20 min at room
temperature prior to electrophysiological recordings. During slice preparation and recovery,
the cutting solution and ACSF were continuously oxygenated with 95%/5% O,/CO,.

Electrophysiology in brain slices

Rat amygdala slices. Whole-cell patch-clamp recordings were obtained from visually
identified mCherry-expressing CRF neurons in the CeL/C, mCherry-negative non-CRF
neurons in the CeC, and tdTomato- or EGFP-expressing CRF neurons in the CeL/C of the
right hemisphere, using LED illumination system (X-Cite 120 LED, Excelitas Technologies
Corp.) with ET-DSRed (TRITC/Cy3) (49005, Chroma Technology Corp.) (for mCherry and
tdTomato) and ET-EGFP (FITC/Cy2) (49002, Chroma Technology Corp.) (for EGFP) filter
sets, and infrared DIC videomicroscopy as described previously.3439 Recording electrodes
(tip resistance 5-8 MQ) were made from borosilicate glass and filled with intracellular
solution containing (in mM): 122 K-gluconate, 5 NaCl, 0.3 CaCl,, 2 MgCl,, 1 EGTA,

10 HEPES, 5 Na,-ATP, and 0.4 Nas-GTP; pH was adjusted to 7.2—7.3 with KOH and
osmolarity to 280 mOsm/kg with sucrose. On the day of recording, 0.1% biocytin was
included in the intracellular solution. Data acquisition and analysis were done using a dual
4-pole Bessel filter (Warner Instr., Hamden, CT), low-noise Digidata 1322 interface (Axon
Instr., Molecular Devices, Sunnyvale, CA), Axoclamp-2B amplifier (Axon Instr., Molecular
Devices, Sunnyvale, CA), Pentium PC, and pCLAMP 8.2 software (Axon Instr., Molecular
Devices).

In current-clamp mode, depolarizing current steps (500 ms) were applied from resting
membrane potential (RMP) to characterize the electroresponsive properties (firing types and
rheobase, 10 pA steps) or to measure frequency-current (F-1) relationships (20 pA steps) of
recorded neurons. Neuronal excitability was assessed from F-I relationships. Neurons were
voltage-clamped at —=70 mV for the study of excitatory postsynaptic currents (EPSCs). To
evoke PB-driven EPSCs in amygdala neurons by focal stimulation (150 s square-wave
pulses), a concentric bipolar electrode (David Kopf Instruments) was placed onto the
visually identified fiber tract dorsomedial to the CeA and ventral to but outside of the
caudate-putamen as previously described.16:4243 For paired-pulse ratio (PPR) analysis, two
stimuli of equal intensity were applied with an inter-stimulus interval of 50 ms and the
resulting EPSCs were recorded. Peak amplitudes of the first EPSC (EPSC1) and the second
EPSC (EPSC2) were measured, and PPR was calculated as the ratio of EPSC2 over EPSC1.
Any alterations in PPR suggest a presynaptic site of action.#2141 For the definitive analysis
of PB synaptic input, ChR2 expressing afferent fibers from the PB were activated optically
by blue light pulses (29.7 mW/mm?2, 5 ms, 0.05 Hz) generated by a LED illumination
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system with a blue filter (ET470/40x, Chroma Technology Corp.) and a 40x objective of the
microscope as described previously.39142 |llumination area of the 40x objective (0.24 mm?)
was centered on the soma of the patched cell. Light power density was measured using an
optical power meter (PM200, Thorlabs) placed under the objective.

Mouse amygdala dlices: Whole-cell current-clamp recordings were collected from visually
identified tdTomato-expressing neurons located in the CeL/C. The CeL/C regions were
identified using distinctive fiber bundles and anatomical landmarks described in the mouse
brain atlas.143 Cells were identified using differential interference contrast optics with
infrared illumination and fluorescence microscopy (Nikon Eclipse FN1). An in-line solution
heater and recording chamber heater (Warner Instruments) maintained the bath temperature
at 33 + 1°C throughout the experiment. Additionally, ACSF oxygenated with 95%/5%
0,/CO, was perfused into the recording chamber at a rate of 1 mL/min. Patch pipettes
(2-5 MQ resistance) were filled with a potassium methylsulfate internal solution (120.0
mM KMeSQy,, 20.0 mM KClI, 10.0 mM HEPES, 0.2 mM EGTA, 8.0 mM NaCl, 4.0

mM Mg-ATP, 0.3 mM Tris-GTP, 14.0 mM phosphocreatine, solution pH adjusted to 7.3
with KOH, ~300 mosmol™1). Recordings were performed using a Multiclamp 700B patch-
clamp amplifier with a Digidata 1500 acquisition system and pCLAMP 11.2 software
(Molecular Devices). Pipette tip potentials were zeroed before forming a gigaseal with

the cell membrane. During current clamp recordings, a 500 ms depolarizing current (0—
280 pA) was injected to assess repetitive action potential firing of fluorescently labeled
neurons from resting membrane potential in slices from Prkcd-CreAi9, Calcrl-CreAi9, or
Sst-CreAi9 mice. Recordings were acquired at 100 kHz and low-pass filtered at 5 kHz.
Pipette capacitances and series resistances were monitored during each recording by holding
the cells at =70 mV, followed by + 10 mV voltage steps of 25 ms duration. All neurons
analyzed had series resistances lower than 20 MQ. Liquid junction potentials were not
corrected during recordings.

Drugs: An NMDA receptor antagonist (DL-2-amino-5-phosphonopentanoic acid, Cat#
0105, AP5) and a non-NMDA receptor antagonist (6-cyano-7-nitroquinoxaline-2,3-dione
disodium, Cat# 1045, CNQX) were purchased from Tocris Bioscience (R&D Systems,
Minneapolis, MN). A CGRP receptor antagonist (BIBN4096BS, Cat# SML2426) was
purchased from MilliporeSigma (Burlington, MA). All drugs were applied by gravity-driven
superfusion of the brain slice in ACSF (~2 mL/min). Solution flow into the recording
chamber (1 mL volume) was controlled with a three-way stopcock. Drugs were applied

for at least 15 min to establish equilibrium in the tissue. Clozapine-N-oxide (CNO, Cat#
BML-NS105) was purchased from Enzo Life Sciences (Farming-dale, NY).

Verification of viral vector injection

Rats: Targeting of viral vectors into the PB and PAG in rats was verified histologically.
During acute brain slice preparation, the removed brainstem was dipped in 4% PFA in 0.1 M
phosphate buffer and fixed overnight at 4°C, and then cryoprotected in a 30% sucrose in 0.1
M phosphate buffer for 48 h at 4°C. Coronal sections (40 um) containing the PB and PAG
were collected using a cryostat (HM525 NX, epredia), mounted on slides, and coverslipped
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for later image acquisition. Only data from animals with correct virus injection sites were
included in the analysis.

Mice: To evaluate injection sites of chemogenetic manipulations, mice were deeply
anesthetized with 1.25% Avertin anesthesia (2,2,2-tribromoethanol and tert-amyl alcohol

in 0.9% NaCl; 0.025 mL/g body weight) at the end of the experiments, then perfused
transcardially with 0.9% NaCl (37°C), followed by 100 mL of ice-cold 4% PFA in 0.1 M
phosphate buffer. The brain was dissected and post fixed in 4% PFA in 0.1 M phosphate
buffer overnight followed by 30% sucrose in 0.1 M phosphate buffer for 48 h at 4°C. For
injection site verification of intersectional chemogenetic experiment, coronal slices (30-45
pm) containing the CeA and PB were collected using a freezing sliding microtome and
stored in 0.1 M phosphate buffered saline (PBS), pH 7.4 containing 0.01% sodium azide
(Sigma) at 4°C until immunostaining. Sections were rinsed in PBS, incubated in 0.1% Triton
X-100 in PBS for 10 min at room temperature and blocked in 5% normal goat serum (NGS)
(\Vector Labs, Burlingame, CA) with 0.1% Triton X-100, 0.05% Tween 20 and 1% bovine
serum albumin (BSA) for 30 min at room temperature. The slices were incubated in rat
anti-mCherry (1:125, M11217, Invitrogen) and rabbit anti-p-gal (1:500, ab986, Millipore
Sigma) primary antibodies in 1.5% NGS blocking solution with 0.1% Triton X-100, 0.05%
Tween 20 and 1% BSA overnight at 4°C. Slices were then rinsed in PBS and incubated

in goat anti-rat Cy3 (1:250, A10522, Invitrogen) and Alexa Fluor 647-conjugated goat anti-
rabbit (1:500, A21244, Invitrogen) secondary antibodies in 1.5% NGS blocking solution
with 0.1% Triton X-100, 0.05% Tween 20 and 1% BSA, protected from light, for 2 h at
room temperature. Sections were then rinsed in PBS, mounted on positively charged glass
slides, air-dried and coverslips were placed using Fluoromount-G (Southern Biotech).

Post-hoc staining and identification of recorded neurons: In a subset of experiments,

the recorded slices were fixed in 4% PFA in 0.1 M phosphate buffer overnight at 4°C.

After fixation, slices were washed in PBS (3 x 10 min) and permeabilized in PBS
containing 0.4% Triton X-100 for 1 h at room temperature. Slices were then incubated

in fluorescently conjugated streptavidin (1:1000, streptavidin, Alexa Fluor 405 conjugate,
S32351, Invitrogen) for 12—24 h at 4°C. Finally, the slices were washed in PBS (3 x 10
min), mounted on slides with ProLong Glass antifade mounting media (P36984, Invitrogen).

Immunohistochemistry: Rats were deeply anesthetized with isoflurane and transcardially
perfused with 0.9% NaCl followed by 4% PFA in 0.1 M phosphate buffer. The brain was
postfixed in 4% PFA in 0.1 M phosphate buffer overnight at 4°C and then cryoprotected

in a 30% sucrose in 0.1 M phosphate buffer for 48 h at 4°C. Coronal sections (40 um)
containing the CeA were collected using a cryostat and stored in 0.01 M PBS at 4°C until
immunostaining. Sections were washed in PBS (3 x 10 min) and blocked for 2 h at room
temperature in blocking solution (0.1% Triton X-100, 1.5% BSA, and 5 or 10% NGS)
followed by 48 h incubation at 4°C in rat anti-somatostatin (1:100, MAB354, Millipore
Sigma) and mouse anti-PKC8§ (1:1000, 610398, BD Biosciences), or rabbit anti-human/rat
CRF (1:20000, PBL rC68, kindly provided by Dr. Paul Sawchenko, The Salk Institute,

La Jolla, CA) in blocking solution. Sections were then washed in PBS (4 x 10 min) and
incubated in Alexa Fluor 647-conjugated goat anti-rat (1:500, A-21247, Invitrogen) and
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Alexa Fluor Plus 405-conjugated goat anti-mouse (1:1000, A48255, Invitrogen), or Alexa
Fluor 647-conjugated goat anti-rabbit (1:1000, A-21244, Invitrogen) in blocking solution for
24 h at 4°C. Finally, sections were washed in PBS (4 x 10 min), mounted on slides, and
coverslipped with ProLong Glass antifade mounting media.

Image acquisition and analysis: Images of rat brain sections were acquired using a
confocal microscope equipped with 2x, 20%, and 60x objectives (FV3000, Olympus, Center
Valley, PA). The 2x or 20% objectives were used to capture wide field images to verify viral
vector injection sites in the brainstem, to determine rostro-caudal level of sections, and to
delineate CeA subregions.13% The 20x objective was used to acquire stitched (3% 3) z stack
(3 um steps) images for quantification. The 60x objective was used to acquire representative
high magnification images. The same imaging parameters were used for all sections.

Image stacks were converted into maximum intensity z-projections using ImageJ (Fiji, NIH,
Bethesda, MD) and the number of labeled cells was counted manually. Quantification was
performed using 1 section per rostro-caudal level per rat.

Images of mouse brain sections were acquired using a Nikon A1R laser scanning confocal
microscope. 2x (for low magnification) and 10x (for high magnification) objectives were
used for analyses. High magnification mCherry representative image was taken using a

20x% objective. LacZ expression in the CeA and mCherry expression in PB were evaluated
using 647 and Cy3 channels respectively. Once images were acquired, rostro-caudal level
was determined, and anatomical location of positive cells was delineated based on the
mouse brain atlas.243 Correct injection sites were defined as brains that showed localized
LacZ transduced cells in the CeA, mCherry transduced cell bodies in the PB and mCherry-
expressing terminals in the CeA.

QUANTIFICATION AND STATISTICAL ANALYSIS—The following data analysis
methods (including neuronal classification) and statistics were used.

Rat experiments: Electrophysiological data were analyzed with Clampfit 11.2 (Molecular
Devices) and GraphPad Prism (version 10.0.2, GraphPad Software, San Diego, CA). The
Venn diagram was plotted using the venn2 function in matplotlib-venn (matplotlib version
3.8.0, matplotlib-venn version 0.11.9) package in Python (Anaconda Distribution version
2023.09-0, Python version 3.11.5, Spyder version 5.4.3). Firing types of CRF and non-
CRF neurons from rats were determined according to methods described previously,20:32:40
Action potential (s) in response to depolarizing current (500 ms, 10 pA steps) that only
just exceed the spike threshold were used for classification. Neurons with latencies of more
than 250 ms for the first action potential generation were classified as late-firing (LF)
neurons. Neurons with bursting action potentials were classified as low-threshold bursting
(LTB) neurons. The remaining neurons that did not meet either criterion were classified as
regular spiking (RS) neurons. Student’s #test was used to compare two sets of data that had
Gaussian distribution and similar variances. For multiple comparisons, ANOVA was used
with Bonferroni posttests as indicated in the text and figure legends.

Mouse experiments: Electrophysiological data were obtained, compiled and analyzed using
Clampfit 11.2 (Molecular Devices), Microsoft Excel, and GraphPad Prism (version 9.5.1,
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GraphPad Software, San Diego, CA). At least 5 mice were used as biological replicates

per treatment and genotype. To determine the firing phenotype of PKC6 neurons, the
latency to the first action potential was calculated as previously categorized.24 LF PKC8
and SOM neurons had latencies longer than 100 ms in response to a 280 pA depolarizing
current injection (sham conditions) and 90 ms following a 220 pA current injection (cuff
conditions). LF CGRPR neurons were characterized at a current injection step that elicited
between 4 and 5 action potentials and had latencies longer than 100 ms (sham conditions) or
90 ms (cuff conditions). The range of current injection that elicited 4 to 5 action potentials
was 140-300 pA in LF CGRPR neurons. RS PKC8 and SOM neurons had latencies shorter
than 100 ms following a 280 pA current injection (sham conditions) or 90 ms following

a 220 pA current injection (cuff conditions). RS CGRPR neurons were characterized at a
current injection step that elicited between 4 and 5 action potentials and had latencies shorter
than 100 ms (sham conditions) or 90 ms (cuff conditions). Action potentials elicited in
response to prolonged (500 ms) depolarizing current injections of increasing amplitudes (0-
300 pA) were tallied at each respective current step and compiled in Prism according to cell
type, treatment and sex in order to generate input-output curves as described previously.16:23
Statistical analyses were performed using two-way ANOVA in Prism.

All averaged values are given as the mean + standard error of the mean (SEM). Statistical
significance was accepted at the level p < 0.05.
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Highlights

Synaptic plasticity at the PB—CeA pathway is lost in chronic neuropathic
pain

Chemogenetic inhibition of the PB—CeA pathway inhibits acute but not
chronic pain behaviors

CeA hyperexcitability shifts from CRF to non-CRF neurons at the chronic
pain stage

CeA hyperexcitability no longer depends on PB—CeA synaptic plasticity in
chronic pain
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Figure 1. Distinct types of CRF and non-CRF neurons in brain slices from acute and chronic
sham/SNL rats

(A) Experimental design.

(B) Paw withdrawal thresholds. Acute sham: 7= 17, acute SNL: 1= 14, chronic sham: n
= 23, chronic SNL: n=30. ****p< 0.0001, one-way ANOVA with Bonferroni posttests
compared with sham controls.

(C) Experimental setup. The area delineated by the white dotted square at left is shown at
higher magnification at right. Scale bars, 200 pm (left) and 10 pm (right). BLA, basolateral
amygdala; CeC, capsular divisions of the CeA; CeL, lateral; CeM, medial.

Cell Rep. Author manuscript; available in PMC 2024 October 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kiritoshi et al.

Page 34

(D) Representative differential interference contrast (DIC) and fluorescent images of a
patched mCherry-expressing CRF neuron and a patched mCherry™ non-CRF neuron in the
CeA. Scale bar, 10 pm.

(E) Distribution of recorded cells and their firing types.

(F) Representative recordings and proportions of CRF cell types based on action potential
firing. Acute sham: 22 neurons from 14 rats, acute SNL: 19 neurons from 13 rats, chronic
sham: 27 neurons from 18 rats, chronic SNL: 33 neurons from 20 rats.

(G) Same as in (F), but for non-CRF cell types. Acute sham: 17 neurons from 10 rats, acute
SNL: 17 neurons from 9 rats, chronic sham: 29 neurons from 14 rats, chronic SNL: 33
neurons from 18 rats.

Data are represented as mean = SEM.
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Figure 2. Loss of PB-driven synaptic plasticity and loss of beneficial behavioral effects of
chemogenetic inhibition of CeA-projecting PB neurons in chronic neuropathic pain

(A) Experimental design.

(B-E) Representative traces and input-output functions of PB-driven EPSCs in CRF neurons
from acute sham (7= 17 neurons from 11 rats), acute SNL (7= 17 neurons from 11 rats),
chronic sham (r7=19 neurons from 15 rats), and chronic SNL (/7= 27 neurons from 17 rats)
rats (B and C), and in non-CRF neurons from acute sham (77 = 13 neurons from 10 rats),
acute SNL (n7= 11 neurons from 7 rats), chronic sham (/7= 20 neurons from 13 rats), and
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chronic SNL (7= 24 neurons from 16 rats) rats (D and E). *p < 0.05; **p < 0.01; ****p <
0.0001; two-way ANOVA with post hoc Bonferroni tests compared with sham controls.

(F) Representative traces of PB-driven EPSCs evoked by paired stimulation at 50-ms
intervals and summary of PPR in CRF neurons from acute sham (/7= 12 neurons from

9 rats) and SNL (n7= 12 neurons from 8 rats) rats.

(G) Same as in (F), but for chronic sham (/7= 10 neurons from 8 rats) and SNL (n= 15
neurons from 12 rats) rats.

(H and 1) Same as in (F) and (G), but for non-CRF neurons in brain slices from acute sham
(7= 11 neurons from 10 rats) and acute SNL (72 = 11 neurons from 7 rats) rats (H), and from
chronic sham (/7= 14 neurons from 10 rats) and chronic SNL (7= 16 neurons from 12 rats)
rats (I). NS, not significant, unpaired t test.

(J) Experimental approach.

(K) Representative image of the AAV8-CMV-LacZ-bGH injection into the right CeA shown
in cyan. Scale bar, 1,000 pm.

(L) Representative images of the AAV8-hSyn-DIO-hM4Di-mCherry injection into the right
PB shown in red. The area delineated by the yellow rectangle at left is shown at higher
magnification at right. Scale bars, 1,000 pm (left) and 20 um (right).

(M) Experimental design.

(N) Paw withdrawal thresholds in the ipsilateral (left) and contralateral (right) hindpaws
before and 1 h after systemic (i.p.) CNO (10 mg/kg) or saline at 1 and 3 weeks after cuff or
sham surgery (n =10 for cuff-hM4Di and cuff-mCherry; n= 11 for sham-hM4Di). Scatter
points represent individual mice. ****p < 0.0001; repeated measures two-way ANOVA
followed by Dunnett’s multiple comparison test compared with pre-CNO or cuff-mCherry
controls.

Data are represented as mean = SEM.
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Figure 3. Neuronal excitability changes in CeA neurons in the transition from acute and chronic
neuropathic pain

(A) Experimental design.

(B) Representative voltage responses to depolarizing current pulses and F-I relationship of
CRF neurons from acute sham (7= 17 neurons from 11 rats) and acute SNL (7= 17 neurons
from 11 rats) rats.

(C) Same as in (B), but for chronic sham (7= 20 neurons from 13 rats) and chronic SNL (7
= 22 neurons from 10 rats) rats.

(D and E) Same as in (B) and (C), but for non-CRF neurons in brain slices from acute sham
(n =12 neurons from 9 rats) and acute SNL (7= 12 neurons from 8 rats) rats (D), and from
chronic sham (n7= 12 neurons from 8 rats) and chronic SNL (/7= 13 neurons from 8 rats) rats
(E).

*p < 0.05; ****p < 0.0001; two-way ANOVA with post hoc Bonferroni tests. Data are
represented as mean £ SEM.
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Figure 4. Cell-type-specific excitability changes at the chronic phase of neuropathic pain and
cell-type- and time-specific effects of chemogenetic inhibition on neuropathic pain behaviors

(A) Experimental design.

(B) Representative DIC and fluorescent images of the CeA (top and center). High-
magnification DIC and fluorescent images of tdTomato-expressing PKC8 neurons (bottom).
LA, lateral amygdala. Scale bars, 500 um (top and center) and 10 um (bottom).

(C) Representative voltage traces of LF PKCS8 neurons in sham and neuropathic conditions
(top). Proportions of LF and regular-spiking (RS) PKCS neurons (bottom).
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(D) F-I relationship in LF neurons (sham: 7= 13 neurons from 6 mice, cuff: 7= 19 neurons
from 5 mice); ns, not significant, two-way ANOVA.

(E) Same as in (B), but for tdTomato-expressing CGRPR neurons.

(F and G) Same as in (C) and (D), but for CGRPR neurons (sham: 7= 38 neurons from 9
mice, cuff: 7= 48 neurons from 12 mice); ns, not significant, two-way ANOVA.

(H) Representative DIC (top) and fluorescent images of tdTomato-expressing SOM neurons
(bottom) in the CeA. Scale bars in both images, 500 pm.

(1) Representative voltage traces of LF SOM neurons recorded in sham and neuropathic
conditions (top). F-1 relationship in LF SOM neurons (sham: 7= 33 neurons from 10 mice,
cuff: 7= 31 neurons from 11 mice); ns, two-way ANOVA (bottom).

(J) Same as in (1), but for RS SOM neurons (sham: 7= 22 neurons from 11 mice, cuff: n=
21 neurons from 10 mice); *p < 0.05, two-way ANOVA.

(K) Proportions of RS and LF neurons in sham (top) or neuropathic (bottom) conditions.
(L) Experimental time line.

(M-0) Tactile hypersensitivity shown as the ipsilateral hindpaw withdrawal thresholds
before and 1 h after systemic (i.p.) CNO (10 mg/kg) or saline at 1 and 3 weeks after cuff
implantation. Scatter points represent individual mice. Repeated measures two-way ANOVA
followed by Sidak’s multiple comparison test. CeA-PKC8 neurons (7= 20 for hM4Di and 7
= 6 for mCherry; 1 week, ****p < 0.0001; 3 weeks, **p < 0.01) (M), CeA-CGRPR neurons
(n=5 for hM4Di and mCherry; 1 week, ****p < 0.0001; 3 weeks, ***p < 0.001) (N),
CeA-SOM neurons (7= 6 for hM4Di and n=5 for mCherry) (O).

All values are presented as the mean + SEM.
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Figure 5. PAG- and PB-projecting CRF neurons

(A) Experimental time line.

(B) Representative images of injection sites in the PB and PAG. LPB, lateral parabrachial
nucleus; MPB, medial parabrachial nucleus; scp, superior cerebellar peduncle; VIPAG,
ventrolateral PAG. Scale bar, 500 pm.

(C) Immunohistochemical verification of the specificity of retrogradely labeled PAG- and
PB-projecting CRF neurons in the CeA. The area delineated by the white dotted square
at left is shown at higher magnification in the right panels. Scale bars, 100 pm (left) and
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10 pm (right). White arrows indicate EGFP-labeled PB-projecting CRF neurons. White
arrowheads indicate tdTomato-labeled PAG-projecting CRF neurons. Yellow arrow indicates
dually projecting CRF neurons.

(D) Rostro-caudal distribution of PB- and PAG-projecting CRF neurons in CeL, CeC, and
CeM (n= 4 rats).

(E) Total number of PB- and PAG-projecting CRF neurons in the CeL (/7= 4 rats). #p<
0.01, paired ttest.

(F) Rostro-caudal distributions of PB- and PAG-projecting CRF neurons in the CeL
expressed as percentage of total labeled cells (7= 4 rats).

(G) Venn diagram showing the number of overlapping and non-overlapping PB- and PAG-
projecting CRF neurons in the CeL (7= 4 rats).

(H) Representative images of SOM (left) and PKC6 (right) IHC. Scale bar, 100 pm.

() Summary of colocalization analysis for SOM (left) and PKC5 (right) with CRF neurons
(n= 4 rats).

(J) Rostro-caudal distributions of colocalization of PB- and PAG-projecting CRF neurons
with SOM and PKCS IHC in the CeL, CeC, and CeM (7= 4 rats).

Data are represented as mean = SEM.
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Figure 6. Baseline electrophysiological comparison of PAG- and PB-projecting CRF neurons

(A) Experimental time line.

(B) Experimental setup. The area delineated by the white dotted square at left is shown at
higher magnification at right. Scale bars, 200 pm (left) and 10 um (right).
(C) Representative DIC and fluorescent images of a patched tdTomato-expressing PAG-
projecting CRF neuron (left) and a patched EGFP-expressing PB-projecting CRF neuron
(right) in the CeA. Scale bar, 10 pm.
(D) Anatomical location of recorded cells and their firing types.

(E) Proportions of firing types of PAG- (12 neurons from 9 rats) and PB-projecting (16
neurons from 12 rats) CRF neurons in brain slices from naive animals.

(F) Representative voltage responses to depolarizing current pulses and excitability (F-1
relationship) of PAG- (n7= 12 neurons from 9 rats) and PB-projecting (n7= 16 neurons from

12 rats) CRF neurons.

(G) Representative traces and input-output functions of PB-driven EPSCs in PAG- (7= 10
neurons from 8 rats) and PB-projecting (7= 14 neurons from 12 rats) CRF neurons.
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(H) Representative traces and PPR (50-ms intervals) for PB-driven EPSCs in PAG- (n= 10
neurons from 8 rats) and PB-projecting (7= 14 neurons from 12 rats) CRF neurons.
**p < 0.01, two-way ANOVA. Data are represented as mean = SEM.
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Figure 7. Pain-related changes in PAG- and PB-projecting CRF neurons at the acute neuropathic
pain stage

(A) Experimental design.

(B) Paw withdrawal thresholds (sham: 7= 12, SNL: 7= 18). ##p < 0.0001, unpaired t test.
(C) Location of recorded cells and their firing types.

(D) Recordings from PAG-projecting CeA-CRF neurons.

(E) Proportions of firing types of PAG-projecting CRF neurons in brain slices from acute
sham (13 neurons from 10 rats) and acute SNL (15 neurons from 11 rats) rats.
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(F) Representative voltage responses of PAG-projecting CRF neurons from acute sham/SNL
rats to depolarizing current pulses.

(G) Excitability (F-1 relationship) of PAG-projecting LF-CRF neurons from acute sham (n=
13 neurons from 10 rats) and acute SNL (7= 14 neurons from 11 rats) rats.

(H-K) Same as in (D)—(G), but for PB-projecting CeA-CRF neurons from acute sham (15
neurons from 10 rats) and acute SNL (15 neurons from 13 rats) rats (1), and from acute sham
(n =12 neurons from 9 rats) and acute SNL (/7= 14 neurons from 12 rats) rats (K).

(L) Representative traces and input-output functions of PB-driven EPSCs in PAG-projecting
CRF neurons from acute sham (7= 11 neurons from 8 rats) and acute SNL (/7= 10 neurons
from 10 rats) rats.

(M) Representative traces of PB-driven EPSCs evoked by paired stimulation at 50-ms
intervals and summary of PPR in PAG-projecting CRF neurons from acute sham (n=10
neurons from 8 rats) and acute SNL (/7= 10 neurons from 10 rats) rats.

(N and O) Same as in (L) and (M) but for PB-projecting CRF neurons from acute sham (7
=12 neurons from 9 rats) and acute SNL (/7= 12 neurons from 11 rats) rats (N), and from
acute sham (7= 12 neurons from 9 rats) and acute SNL (/7= 12 neurons from 11 rats) rats
(O).

*p<0.05, **p<0.01, ****p < 0.0001, two-way ANOVA with post hoc Bonferroni tests
compared with sham controls. Data are represented as mean + SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-mCherry Invitrogen Cat# M11217; RRID: AB_2536611
Rabbit anti-B-gal Millipore Sigma Cat# ab986; RRID: AB_92401

Rat anti-somatostatin Millipore Sigma Cat# MAB354; RRID: AB_2255365

Mouse anti-PKC8&
Rabbit anti-human/rat CRF

BD Biosciences

Joan Vaughan, Paul

Cat# 610398; RRID: AB_397781
Cat# PBL rC68; RRID: AB_2650435

Sawchenko
Goat anti-rat Cy3 Invitrogen Cat# A10522; RRID: AB_2534031
Alexa Fluor 647-conjugated goat anti-rabbit Invitrogen Cat# A-21244; RRID: AB_2535812
Alexa Fluor 647-conjugated goat anti-rat Invitrogen Cat# A-21247; RRID: AB_141778
Alexa Fluor Plus 405-conjugated goat anti-mouse Invitrogen Cat# A48255; RRID: AB_2890536
Bacterial and virus strains
AAV5-Efla-DIO-mCherry University of North Lot# AV4311D, AV4311E, AV4311F,

AAV5-CaMKII-hChR2(H134R)-EYFP-WPRE-PA

AAVIg-hSyn-DIO-EGFP
AAVrg-FLEX-tdTomato
AAVrg-hSyn-HI-eGFP-Cre-WPRE-SV40
AAV8-CMV-LacZ-bGH
AAV8-hSyn-DIO-hM4D(Gi)-mCherry

Carolina Vector Core

University of North

Carolina Vector Core

Bryan Roth
Edward Boyden
James M. Wilson
James M. Wilson

Krashes et al.12%

AV4311G
Lot# AV4316P, AV4316Q

Addgene viral prep # 50457-AAVrg
Addgene viral prep # 28306-AAVrg
Addgene viral prep # 105540-AAVrg
Addgene viral prep # 105531-AAV8
Addgene viral prep # 44362-AAV8

AAV8-hSyn-DIO-mCherry Bryan Roth Addgene viral prep # 50459-AAV8
Chemicals, peptides, and recombinant proteins

DL-AP5 Tocris Cat# 0105; CAS# 76326-31-3
CNQX disodium salt Tocris Cat# 1045; CAS# 479347-85-8
BIBN4096BS Millipore Sigma Cat# SML2426; CAS# 204697-65-4

Clozapine N-oxide

Streptavidin, Alexa Fluor 405 conjugate

Enzo Life Sciences

Invitrogen

Cat# BML-NS105; CAS# 34233-69-7
Cat# S32351

Experimental models: Organisms/strains

Rat: Cri+Cre

Mouse: C57BL/6J
Mouse: Prkcad-Cre

Mouse: Calcri-Cre

Mouse: Sst-Cre
Mouse: Ai9

Robert Messing
(Pomrenze et al.38)

Jackson Laboratory
GENSAT

Richard Palmiter (Han

etal.4")
Jackson Laboratory

Jackson Laboratory

N/A

RRID:IMSR_JAX:000664
RRID:MMRRC_011559-UCD
N/A

RRID:IMSR_JAX:018973
RRID:IMSR_JAX:007909

Oligonucleotides
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Forward primer to genotype for the presence of Cre-recombinase in
rats: GCATTACCGGTCGATGCAACGAGTGATGAG

Reverse primer to genotype for the presence of Cre-recombinase in
rats: GAGTGAACGAACCTGGTCGAAATCAGTGCG

Forward primer to genotype for the presence of Cre-recombinase in
mice: TTAATCCATATTGGCAGAACGAAAACG

Reverse primer to genotype for the presence of Cre-recombinase in
mice: CAGGCTAAGTGCCTTCTCTACA

Integrated DNA
Technologies (IDT)

Integrated DNA
Technologies (IDT)

Transnetyx

Transnetyx

www.idtdna.com

www.idtdna.com

https://www.transnetyx.com/

https://www.transnetyx.com/

Software and algorithms

ImageJ
Fiji
pCLAMP 8.2/pCLAMP 11.2/Clampfit 11.2

GraphPad Prism (version 9.5.1 or 10.0.2)

Anaconda Distribution version 2023. 09-0 (Python Version 3.11.5)
Spyder version 5.4.3

matplotlib version 3.8.0

matplotlib-venn version 0.11.9

Schneider et al 130
Schindelin et al.13!

Molecular Devices,
Axon Instruments

GraphPad Software

Anaconda, Inc.

Spyder Project
Contributors

Hunter et al.132

Tretyakov!33

RRID:SCR_003070;https://imagej.net/
RRID:SCR_002285;https:/fiji.sc/

RRID:SCR_011323;https://
www.moleculardevices.com/products/
axon-patch-clamp-system/acquisition-and-
analysis-software/pclamp-software-suite

RRID:SCR_002798;https://
www.graphpad.com/

RRID:SCR_008394;https://anaconda.com

RRID:SCR_017585;https://www.spyder-
ide.org/

RRID:SCR_008624;https://matplotlib.org/

https://pypi.org/project/matplotlib-venn/
0.11.9/
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