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Key points:

The central nucleus of the amygdala (CeA) encompasses the main output pathways
of the amygdala, a temporal lobe structure essential in affective and cognitive
dimensions of pain.

A major population of neurons in the CeA send projections to the periaqueductal gray
(PAG), a key midbrain structure that mediates coping strategies in response to threat
or stress.

CeA-PAG neurons are topographically organized based on their targeted subregion
within the PAG.

PAG-projecting neurons in the central medial (CeM) and central lateral (CelL) regions
of CeA are intrinsically distinct.

CeL-PAG neurons are a homogeneous population of intrinsically distinct neurons
while CeM-PAG neurons are intrinsically heterogeneous.

Membrane properties of distinct CeM-PAG subtypes are altered in the Complete
Freund’s Adjuvant (CFA) model of inflammatory pain.

Abstract

Background: A major population of neurons in the central nucleus of amygdala (CeA) send

projections to the periaqueductal gray (PAG), a key midbrain structure that mediates coping

strategies in response to threat or stress. While the CeA-PAG pathway has proved to be a
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component of descending antinociceptive circuitry, the functional organization of CeA-PAG

neurons remains unclear.

Study design: We identified CeA-PAG neurons in C57BL/6 mice of both sexes using
intracranial injection of fluorescent retrograde tracer into the PAG. In acute brain slice, we
investigated the topographical and intrinsic characteristics of retrogradely-labeled CeA-PAG
neurons using epifluorescence and whole-cell electrophysiology. We also measured
changes to CeA-PAG neurons in the Complete Freund’s Adjuvant (CFA) model of

inflammatory pain.

Results: Neurons in the central lateral (CelL) and central medial (CeM) amygdala project
primarily to different regions of the PAG. CelL-PAG neurons are comprised of a relatively
homogeneous population of intrinsically distinct neurons while CeM-PAG neurons are
intrinsically heterogeneous. Membrane properties of distinct CeM-PAG subtypes are altered

one day following induction of CFA inflammatory pain model.

Conclusion: Collectively, our results provide insight into pain-induced changes to a specific
population of CeA neurons that likely play a key role in the integration of noxious input with

endogenous analgesia and behavioral coping response.

Introduction

The amygdala is a temporal lobe structure essential in affective and cognitive
dimensions of pain. The central nucleus of the amygdala (CeA) encompasses the main
output pathways of the amygdala. The rodent CeA can be broadly divided into a lateral

(Cel) and a medial (CeM) subregion (McDonald, 1982). The Cel can be further subdivided
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into a lateral-capsular division (CElc), an intermediate division (CEi) and a lateral division
proper (CEl) based on anatomical and immunohistochemical organization (McDonald, 1982;
Cassell et al., 1986; Jolkkonen & Pitkanen, 1998). Studies demonstrate that CeA is
predominantly composed of GABAergic inhibitory neurons and essential for fear
conditioning. The CeM is the major output nucleus of the amygdala projecting to regions
important for behavioral and physiological responses to emotionally relevant events
(Hopkins & Holstege, 1978; Pape & Pare, 2010). However, more recent data show that CelL
neurons also send GABAergic projections to behavioral and physiologic effector regions
(Penzo et al., 2014). Functionally, Cel is required for fear acquisition, whereas conditioned
fear responses are driven by output neurons in the CeM. The CelL to CeM pathway is
proposed to gate fear expression and regulate fear generalization (Ciocchi et al., 2010).
Electrophysiological recordings from rodents clearly show that there are intrinsically distinct
subpopulations of CeA neurons (Schiess et al., 1999; Dumont et al., 2002; Haubensak et al.,
2010). However, a clear organizing principle for these subpopulations remains unclear. We
hypothesized that long-range projection target corresponds to the intrinsic identity of CeA
neurons as seen with cortical pyramidal neurons (Le Be et al., 2007; Dembrow et al., 2010;
Sheets et al., 2011; Ferreira et al., 2015). Therefore, we aimed to investigate whether a

major output pathway of the CeA consists of a homogeneous population of neurons.

Neurons in the CeA send projections to the periaqueductal gray (PAG) (LeDoux et al.,
1988; Rizvi et al., 1991; da Costa Gomez & Behbehani, 1995). The PAG is a midbrain
structure that integrates motivational/limbic and sensory input to initiate specific outputs
including coping behavior (Bandler & Carrive, 1988; Bandler & Depaulis, 1988; De Oca et
al., 1998). Specifically in the caudal PAG, excitation of the dorsolateral and lateral column
induces the flight, tachycardia, hypertension responses and short-term (non-opioid

mediated) analgesia seen in response to a threat (Bandler & Carrive, 1988; Bandler &
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Depaulis, 1988; LeDoux et al., 1988). In contrast, activating ventrolateral column drives a
contrasting response involving quiescence, bradycardia, hypotension, and opioid mediated
analgesia (Bandler & Shipley, 1994; Bandler et al., 2000). Reciprocal signaling between the
PAG and amygdala (Rizvi et al., 1991) is critical for neuronal processing of nociceptive input
(Behbehani, 1995), fear conditioning (McNally et al., 2011; Penzo et al., 2014) and defensive
behavior (Tovote et al., 2016). While previous research has studied the CeA-PAG pathway,
little remains known about the organization and physiology of CeA neurons projecting to the
PAG. Applying anatomical labeling strategies and whole cell recordings in acute brain slice,
we aimed to identify and characterize retrogradely-labeled PAG-projecting CeA neurons

(CeA-PAG neurons).

The CeA is termed the ‘nociceptive amygdala’ (Neugebauer, 2015) as extensive
research shows that CeA neurons are sensitized in models of inflammatory (Neugebauer &
Li, 2003; Neugebauer et al., 2003; Li & Neugebauer, 2004a, b, 2006; Ji & Neugebauer,
2007; Ji et al., 2009) and neuropathic pain (Ikeda et al., 2007; Goncalves & Dickenson,
2012). Recent evidence suggests acute pain activates distinct populations of CeA neurons
(Butler et al., 2017). Therefore, we also aimed to determine changes to the excitability of
CeA-PAG neurons in the complete Freund’s adjuvant (CFA) model of inflammatory pain.
Here we present data showing that CeA-PAG neurons are intrinsically heterogeneous and
that subpopulations of CeA-PAG neurons are differentially altered in the CFA model of
inflammatory pain. Overall, our data produce insight into pain-induced changes to specific
CeA neurons that likely play a key and distinct role in the integration of noxious input with

endogenous analgesia and behavioral coping responses.

Methods
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Ethical Approval

The Institutional Animal Use and Care Committee (IACUC) of the Indiana University School

of Medicine approved all procedures and experiments presented in this study.

Animals

Wild-type C57BL/6 mice (Jackson Laboratory) of both sexes were used for this study in
accordance with the animal care and use guidelines of Indiana University, the National

Institutes of Health, and the Society for Neuroscience. A majority of mice used for these
studies were bred in-house, but in cases where there were lapses in pups from our

breeding colony, mice were purchased from Jackson Laboratory.

Intracranial injection of retrograde tracers

At postnatal days 25-68, mice (10-22 g) of either sex were anesthetized with 1.5%
isoflurane in 100% O, with a flow rate of 0.8 L/min (SurgiVet Isotech 4, Smith). The top of
the head was shaved. The head was stabilized in a stereotaxic frame (900 series, Kopf
instruments). Betadine and ethanol were used to disinfect the shaved area. Body
temperature was maintained at 37 °C using a feedback-controlled heating pad (FHC). Prior
to incision, buprenorphine HCI (0.03 mg/kg) was injected subcutaneously for pain relief. For
PAG injection, the scalp was incised, a craniotomy was made, the dura was reflected, and
pipettes were advanced to reach the stereotaxic coordinates of the desired target. The
pipette was advanced to the intracranial target and submicroliter volumes (100 nL) of red IX
Retrobeads™ (Lumafluor, Inc., Naples, FL) were injected at a rate of 25 nl/min using a
Hamilton syringe connected to an UltraMicoPump 3 driven by a Micro 4 MicroSyringe Pump
Controller (World Precision Instruments). The pipette was kept in place for 6 min to limit

tracer reflux out of the injection site. The incision was closed with tissue adhesive
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(Vetbond™). Following surgery, meloxicam (5 mg/kg) was injected subcutaneously for pain
relief during recovery. The animals were allowed 3-7 days of recovery before experiments.
Stereotaxic coordinates for caudal PAG injections were as follows (relative to bregma): 3.4
mm caudal, 0.75 mm lateral (right), 3.9 mm deep at a 0° angle off the vertical plane. For
rostral PAG injections, coordinates were (relative to bregma): 1.2 mm caudal, 0.45 mm
lateral (right), 4.1 mm deep at a 0° angle off the vertical plane. For ventrolateral PAG
(VIPAG) injections, the head was fixed at a 38° down angle and coordinates were (relative to
lambda): 4.2 mm caudal, 0.55 mm lateral (right), 3.0 mm deep at a 52° angle off the
horizontal plane. For dorsolateral PAG (dI/IPAG) injections, the head was fixed at a 38°
down angle and coordinates were (relative to lambda): 3.2 mm caudal, 0.55 mm lateral
(right), 2.6 mm deep at a 52° angle off the horizontal plane. Targeting of retrograde tracer
into specific regions of the PAG was verified for all injections using a fluorescent stereo
microscope (Leica M165 FC) to image slices of the PAG. Criteria for distinguishing PAG
regions was based on the atlas The Mouse Brain in Stereotaxic Coordinates, Second
Edition (Paxinos & Franklin, 2001) which shows the total length of the PAG as 2.66 mm
(from -2.54 mm to -5.20 mm relative to bregma). For our criteria, we defined rostral PAG as
the PAG region -2.54 mm to -3.52 mm from bregma, and we defined the caudal PAG as the
PAG region -4.36 mm to -5.20 mm from bregma. Injections to the dI/IPAG and the vIPAG

were only included if they were contained with the defined caudal PAG region.
Acute brain slice preparation

After brief anesthetization by isoflurane, injected mice were decapitated and brains
were rapidly extracted (< 1 min) and placed in ice-chilled cutting solution (in mM: 110
choline chloride, 25 NaHCO3 (sodium bicarbonate), 25 D-glucose, 11.6 sodium ascorbate, 7
MgSO4 (magnesium sulfate), 3.1 sodium pyruvate, 2.5 KCI, 1.25 NaH2PO4, and 0.5

CaCl2).
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Coronal slices (300 um) containing the amygdala and the PAG were prepared by vibratome
(VT1200S, Leica), and transferred to artificial cerebrospinal solution (ACSF, in mM: 127

NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCI, 2 MgCl2, 2 CaCl2, and 1.25 NaH2PO4, aerated

with 95% O2 / 5% CO2) at 37 °C for 30 min. Slices were subsequently incubated in ACSF at

21-22 °C for at least 45-60 minutes prior to electrophysiological recordings.

Confocal imaging of retrogradely-labeled neurons

At least 48 hours following retrograde tracer injections into specific regions of the
PAG, brains were fixed by cardiac perfusion with fixative (4% paraformaldehyde in PBS).
Brain sections containing amygdala and PAG were cut by vibratome at a thickness of 50
pum. Confocal fluorescent images of retrogradely-labeled CeA-PAG neurons were obtained
using a Nikon Eclipse Ti inverted microscope equipped with four lasers (405 nm, 488 nm,
561 nm and 640 nm). A 10x Plan Apo A objective was used to scan the slices from the top
to bottom at 2 um intervals. The image acquisition was conducted using NIS-Elements (Ver
5.02) software. Identification of labeled neurons in the central lateral (CeL) and central
medial
(CeM) regions of the CeA was based on the atlases The Mouse Brain in Stereotaxic
Coordinates, Second Edition (Paxinos & Franklin, 2001) and Allen Reference Atlas: A
Digital Color Brain Atlas of the C57Black/6J Male Mouse (Dong, 2008). For each injected
mouse (n = 3 mice per PAG subregion), labeled CeM-PAG and CeL-PAG were counted
across 7 brain sections of the amygdala and are presented as total neurons from each

group of injected animals.
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Whole-cell slice electrophysiology of retrogradely-labeled neurons

Electrophysiological recordings from fluorescently labeled CeA-PAG neurons in acute
brain slice were performed in whole-cell patch-clamp configuration. Briefly, slices were
transferred to the recording chamber of a SliceScopePro 6000 (Scientifica) containing an
upright microscope (BX51, Olympus) and PatchStar micromanipulators (Scientifica). Brain
slices were held in place with short pieces of flattened gold wire (0.813 mm diameter; Alfa
Aesar). CeA-PAG neurons were identified by fluorescence of red Retrobeads™ (Lumafluor,
Inc) using LED optics (coolLED). As with confocal imaging, identification of labeled neurons
in the central lateral (CelL) and central medial (CeM) regions of the CeA was based on the
atlases The Mouse Brain in Stereotaxic Coordinates, Second Edition (Paxinos & Franklin,
2001) and Allen Reference Atlas: A Digital Color Brain Atlas of the C57Black/6J Male
Mouse (Dong, 2008). Pipettes for recordings were fabricated from borosilicate capillaries
with filaments (G150-F, Warner) using a horizontal puller (P-97, Sutter), and filled with
intracellular solution composed of (in mM) 128 K-gluconate, 10 HEPES (4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid), 1 EGTA (Ethylene-
bis(oxyethylenenitrilo)tetraacetic acid), 4 MgCl, (magnesium chloride), 4 ATP (adenosine 5'-
triphosphate disodium salt), and 0.4 GTP (guanosine 5'-triphosphate sodium salt hydrate),
10 phosphocreatine, 3 ascorbate, and 0.05 Alexa-594 or 488 (MolecularProbes); pH 7.3.
EGTA was included both to facilitate seal formation and to reduce cytosolic calcium
elevations induced by the various stimulus protocols used in these studies. Artificial
cerebrospinal fluid (ACSF) was used as the extracellular recording solution. Slices were
ideally used 1.5-3 h after preparation, but some were used up to 6 h after preparation.
Recordings were performed in 31-33 °C ACSF, which was refreshed every 2 hours. The
recording temperature was controlled by an in-line heating system (TC324B, Warner).

Recordings were targeted to labeled neurons 60—100 um deep in the slice. Intrinsic
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recordings were performed with synaptic blockers (in uM): 5 CPP (-((R)-2-
Carboxypiperazin-4-yl)-propyl-1-phosphonic acid), 10 NBQX (2,3-Dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[flquinoxaline-7-sulfonamide), and 5 GABAzine (6-Imino-3-(4-
methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide). Pipette capacitance was
compensated; series resistance (Rs) was monitored but not compensated, and required to
be < 35 MQ for inclusion in the data set. Current-clamp recordings were bridge-balanced.
Current was injected as needed to maintain the membrane potential near -70 mV during
select stimulus protocols (i.e., within the activation range of |, at baseline). Recordings were
amplified and filtered at 4 kHz and digitized at 10 kHz using a Multiclamp 700B amplifier
(Molecular Devices). Membrane potential values were not corrected for a calculated liquid
junction potential of 11 mV (32-33 °C). Ephus software was used for data collection (Suter

et al., 2010).

Voltage sag and input resistance were measured from a membrane potential of -70 + 3
mV. Voltage sag was measured by presenting multiple one second hyperpolarizing current
steps (200 pA, -150 pA, -100 pA, -50 pA). Percentage voltage sag was calculated using the
peak voltage (Vpeak) and steady-state voltage (Vss) using the equation 100 x (Vpeak—Vss)/Vpeak-
Input resistance was measured from the steady-state responses to a series of
hyperpolarizing and subthreshold depolarizing current steps (duration 1.0 s, amplitude -200
to 100 pA, 50 pA steps), as the slope of a linear least-squares fit to the resulting voltage—
current relationship. Current threshold for action potentials (APs) was defined as the
magnitude of current step that produced at least one AP. Voltage threshold (in mV) for APs
was defined as the point when dV/dt exceeded 10% of its maximum value, relative to a
dV/dt baseline measured 2 ms before the AP peak, which was measured as the maximum
membrane potential reached after threshold. The AP amplitude was determined by the

difference between threshold and peak values. The AP half-width was measured at half-
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amplitude. Onset of AP firing was measured as the time (in msec) between current step
initiation and threshold of the first AP. Frequency—current relationships were calculated from
the numbers of APs per current step, and frequency—current slopes were calculated by
linear regression. Spike (or AP) frequency adaptation (SFA) was obtained by acquiring the
ratio of the 3™ interspike interval (ISI) over the 5" ISI (fast-SFA) and the ratio of the 5" ISI
over the 10" IS (slow-SFA). Fast and slow SFA were calculated from responses that

produce more than five and ten APs, respectively.
Inflammatory pain model

Complete Freund’s Adjuvant (CFA), obtained from Sigma Aldrich (F5881), is a heat-
killed bacterial suspension that creates an immune response at the site of the injection.
When CFA is injected intracutaneously (27G needle or smaller) into the plantar surface of
the hindpaw, it produces a robust model of inflammatory pain (Corder et al., 2013). For
these experiments, we intracutaneously injected CFA (10 yL, 1 mg/mL) into the plantar

surface of the left hindpaw.
Assessment of inflammatory pain behavior

Mice (postnatal day 27-51) were acclimated to the pain testing behavior apparatus,
behavioral suite, and experimenter before the von Frey filament paw-withdrawal threshold is
established. Acclimation entailed placing the mouse inside clear 6-inch vertical plastic tube
(4-inch internal diameter) on top of a wire mesh platform (exposing the hindpaws for testing).
Mice were acclimated for two non-consecutive days for a half hour each day prior to
recording baseline withdrawal thresholds. Baseline withdrawal threshold (for both hindpaws)
was established prior to CFA or saline injection by following the ‘simplified up-down’ or

SUDO method (Bonin et al., 2014). On post-injection day one (PID-1), the SUDO method
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was used to assess mechanical allodynia, both ipsilateral and contralateral to the injury.
Experimenters were blinded to treatment groups (saline vs. CFA) during behavioral testing.
Using standard von Frey filaments 2-9 (filament 1: 0.008g; filament 2: 0.02 g; filament 3:
0.07 g; filament 4: 0.16 g; filament 5: 0.4 g; filament 6: 1 g; filament 7: 2 g; filament 8: 6 g)
testing began with the middle filament (flament 4). The pressure from the filament was
applied to midplantar surface of the hind paw for 3 seconds and behavior responses such as
hind paw retraction, paw licking, or shaking was considered as nocifensive behavior, and
classified as a pain-response (Martinov et al., 2013). If the applied filament did not elicit a
response the next higher filament was used, if a response is elicited, the next lower filament
was used until the 5th and final filament was presented. This method minimized the number
of filament presentations to the mouse and maximize score sensitivity. On day of slice
experiments, a final withdrawal testing was performed, with the mouse being euthanized

immediately after.

Statistical analysis

Custom MATLAB (Mathworks, Natick, MA) routines were used to analyze data off-line.
For all data, a Lilliefors test was performed prior to significance testing to determine if the
data were normally distributed. Significant differences between multiple independent groups
will be determined using a one-way ANOVA for normally distributed data or a Kruskal-Wallis
test for non-normally distributed data. A Bonferroni post-hoc analysis was used for multiple
comparisons if the one-way ANOVA or Kruskal-Willis test resulted in a significant omnibus F
test. Pairwise comparisons were performed with the Student’s paired t test. Statistical
comparisons between two independent groups was determined with the Student’s unpaired t
test (for normally distributed data) or the Wilcoxin rank sum test (for non-normally distributed

data).
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Results

CeA-PAG neurons are topographically organized based on projection target within the

PAG.

Activation along the rostral-caudal axis of the PAG evokes distinct coping behaviors
associated with stressful stimuli (Bandler & Shipley, 1994; Bandler et al., 2000; Keay &
Bandler, 2001). Therefore, we targeted our tracer injections to either rostral or caudal
regions of the PAG to examine retrogradely-labeled PAG-projection neurons in the
amygdala (Fig. 1 A, B). Tracer injection into the rostral PAG (rPAG) resulted in retrograde
labeling of soma primarily in the central medial amygdala (CeM; Fig. 1C-E). Injection of
tracer spanning the entire caudal PAG consistently produced retrograde labeling of soma in
both the CeM and CeL (Fig. 1F-H). Because our initial caudal PAG injections spanned both
dorsal and ventral regions, we next targeted our tracer injections to either dorsolateral/lateral
or the ventrolateral regions of the caudal PAG. Following injection of tracer into the
dorsolateral/lateral PAG (dI/IPAG) the majority of labeled soma were detected primarily in
the CeM with the minority found in the CeL (Fig. 1 /-K). In comparison, in mice with tracer
injected into the ventrolateral PAG (VIPAG), labeled neurons were detected in both the CelL
and CeM with the smaller portion observed in the CeM (Fig. 1 L-N). Overall, these results
suggest that CeA-PAG neurons are topographically organized based on their targeted

subregion within the PAG.

PAG-projecting neurons in CeM and CeL are intrinsically distinct.

We next targeted retrogradely-labeled CeA-PAG neurons for whole-cell
electrophysiological recording in acute brain slice from naive mice. Our analysis revealed

that PAG-projecting neurons in CeM (CeM-PAG neurons) and CeL (CelL-PAG neurons) are
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intrinsically distinct. For subthreshold characteristics, CeM-PAG neurons are significantly
depolarized with larger voltage sag and input resistance compared to CeL-PAG neurons
(Table 1). Examination of suprathreshold properties showed that compared to CeL-PAG
neurons, CeM-PAG neurons 1) have a lower current and voltage threshold for action
potential (AP) firing, 2) have a shorter onset to AP firing at threshold, 3) have a shorter AP
height, and 4) display spike-frequency adaptation (Table 1). One of few similarities between
CeM-PAG and CelL-PAG neurons was slope of relationship between action potential (AP)

frequency and current injection at threshold and twice threshold.

CeL-PAG neurons primarily display a ‘late-firing’ phenotype

We find that CeL-PAG neurons from naive mice are mainly homogeneous based on
their intrinsic properties (Fig. 2, Table 2). A major population of CeL-PAG neurons (n =
27/30) exhibit a delayed AP onset at firing threshold (late-firing) while a small population (n
= 3/30) display a regular spiking pattern at firing threshold (Fig. 2A, B). Both late-firing and
regular spiking neurons displayed a run-down in AP frequency at more depolarizing current
steps (Fig. 2C). Late-firing CeL-PAG neurons have a larger fast afterhyperpolarization
(FAHP) compared to regular-spiking neurons (Fig. 2D, I, Table 2). These data show that the
majority of PAG-projecting neurons on the CeL are intrinsically similar. Surprisingly, analysis
of CeL-PAG neurons based on sex revealed significant intrinsic differences (Table 4). When
compared to male mice CelL-PAG neurons from female mice were hyperpolarized,
expressed more voltage sag, and fired APs at a more hyperpolarized voltage threshold
(Table 4). Additionally, female CeL-PAG neurons displayed narrower AP half-widths, larger
AP height, and expressed less fAHP (Table 4). This analyses show that while the intrinsic
phenotype (i.e. ‘late-firing’) is robust for CeL-PAG neurons, there is heterogeneity in the

intrinsic profile of CeL-PAG ‘late-firing’ neurons between males and females.
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CeM-PAG neurons are intrinsically heterogeneous

Recordings from CeM-PAG neurons (Fig. 3A, B) from naive mice revealed four distinct
subclasses of neurons (Fig. 3C). Late-firing neurons comprised the smallest percentage
(3/32) of CeM-PAG neurons (Fig. 3C). Late-firing CeM-PAG neurons display similar
subthreshold and firing properties as CeL-PAG late-firing neurons (Fig. 2). The proportion of
the remaining three classes was relatively equal (Fig. 3C). The predominant subtype (12/32)
of CeM-PAG neurons display a fast-firing phenotype that does not adapt with increasing
step current (Fig. 3Diii, Fig. 4A). A single AP evoked from fast-spiking CeM-PAG neurons
revealed a fAHP followed by a slight depolarization and slow afterhyperpolarization (Fig.
3Dii). The next most populous group (10/32) exhibit a bursting AP pattern that
accommodates at firing threshold and adapts with increasing step current (Fig. 3Eiii, Fig.
4A). Single APs from bursting CeM-PAG neurons display a prominent afterdepolarization
followed by a slow afterhyperpolarization (Fig. 3Eii). The third most populous group (8/32) of
CeM-PAG neurons display the regular-spiking phenotype (Fig. 3Fiii) that we observed in a
small subset of CeL-PAG neurons (Fig. 2B). No afterdepolarization is observed in single APs

of regular-firing CeM-PAG neurons (Fig. 3Fii).

All three of the predominant CeM-PAG subtypes have similar resting membrane
potentials and input resistance (Fig. 4B, C, Table 3) while expressing measurable voltage
sag when injected with a hyperpolarizing step current (Fig. 3Di-Fi, Fig. 4D, Table 3)
indicating the activation of hyperpolarization-activated current (l,). Both current and voltage
threshold for AP firing were not statistically different between CeM-PAG subtypes (Fig. 4E,
F, Table 3). Trains of APs in bursting CeM-PAG neurons adapt significantly more than trains
of APs in fast-spiking CeM-PAG neurons (Fig. 4G, Table 3). A unique feature of fast-spiking

CeM-PAG neurons was a significantly shorter AP half-width (Fig. 4H, Table 3). Lack of fAHP
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was defining characteristic of regular-spiking neurons (Fig. 4/, Table 3). Collectively, these
data show that CeM-PAG neurons are a heterogeneous population thereby refuting our
hypothesis that projection target correlates with intrinsic characteristics in the CeM. In
contrast to CeL-PAG neurons, we find that only AP half-width of fast-spiking CeM-PAG

neurons differs between sexes (Table 4).

We next examined whether intrinsic phenotype of the PAG-projecting neurons in the
CeA relates to targeting of subregion within the PAG. We consistently recorded from late-
firing CeL-PAG neurons following injection of tracer throughout the caudal PAG or isolated
to the caudal vIPAG (Table 5). The sparse regular-spiking CeL-PAG neurons and late-firing
CeM-PAG neurons were recorded following tracer injection throughout the caudal PAG
(Table 5). We find the majority of fast-spiking CeM-PAG neurons following tracer injection
into the caudal regions (throughout, dl/l, and vl) of the PAG, and we find the majority of
regular-spiking CeM-PAG neurons following tracer injection into the rostral PAG (Table 5).
The pattern of bursting CeM-PAG neurons is less defined as 50% are found following tracer
injection into rostral PAG and 50% are found following tracer injection into caudal PAG
(throughout and dl/I; Table 5). These data suggest that the organization of intrinsically
distinct CeA-PAG neurons is related to targeting of defined regions in the PAG.

Nonetheless, in-depth anatomical studies are needed to fully dissect this possibility.

The Complete Freund’s Adjuvant (CFA) model of inflammatory pain differentially

alters intrinsically defined CeA-PAG neurons.

We next measured changes to the intrinsic excitability of CeA-PAG subtypes in a model
for inflammatory pain. First, using the same intracranial injection paradigms as described
above, we injected retrograde tracer in the PAG (Fig. 5A). Following adequate recovery time

(7 days), we intracutaneously injected CFA (10 yL, 1 mg/mL) into the plantar surface of the
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left hindpaw, which creates an immune response at the site of the injection (Fig. 5B). This
model is advantageous because it produces a consistent mechanical allodynia one day
following injection. Control conditions consisted of saline injection (10 pL) into the left
hindpaw (in littermates when possible) (Fig. 5B). Mice injected with CFA display mechanical

hypersensitivity one day after injection (Fig. 5C).

We first recorded retrogradely-labeled CeA-PAG neurons in the right CeL of acute
brains slices from mice displaying significant mechanical allodynia one day after CFA
injection (Fig. 5D). Retrogradely-labeled CeL-PAG neurons from saline-injected mice were
recorded at the same time point (1 day) following CFA injection into the hindpaw. As seen in
naive mice, CeL-PAG neurons were found primarily following tracer injection into caudal
VIPAG (Table 8) and displayed a late-firing phenotype in both saline and CFA-injected mice
(Fig. 5E). Recordings from CeL-PAG neurons (n = 10 saline, 11 CFA) revealed no
significant differences in subthreshold or suprathreshold characteristics (Fig. 5F-K, Table6).
While time to AP onset at threshold was shorter in CeL-PAG neurons from CFA-injected
mice, it was not statistically different (p = 0.057, t-test) from saline-injected mice (Fig. 5K,

Table 6).

Next, in separate cohort of saline and CFA-injected mice (Fig. 6A), we recorded
retrogradely-labeled CeM-PAG neurons 1 day after injection (Fig. 6B). As in naive animals,
we detected fast-spiking, regular-firing, and bursting CeM-PAG neurons in saline and CFA-
injected animals (Fig. 6C-E, Table 8). Recordings show that AP firing in response to
depolarizing step currents increases in fast-spiking CeM-PAG neurons in slices from CFA-
injected mice, however, this is only observed when neurons are held at a membrane
potential of -70 mV prior to current injection (Fig. 6F). No difference in AP firing initiated from

resting membrane potential (Fig. 6F, left) is likely due to CFA-injection significantly
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hyperpolarizing resting membrane potential and increasing input resistance of fast-spiking
CeM-PAG neurons (Fig. 6G, H, Table 7). Voltage sag, current threshold and voltage
threshold measured in fast-spiking CeM-PAG neurons were similar between saline and

CFA-injected animals (Fig. 6/-K, Table 7).

Recordings from regular-firing CeM-PAG neurons show that CFA injection significantly
reduces AP firing at threshold (Fig. 6L) while having no effect on membrane potential, input
resistance, voltage sag or current threshold (Fig. 6M-P, Table 7). However, CFA injection
hyperpolarized voltage threshold for AP firing and delayed onset for AP firing at threshold in
regular-firing CeM-PAG neurons (Fig. 6Q, Table 7), which was not observed in fast-spiking
CeM-PAG neurons (Fig. 6K). Interestingly, injection of CFA did not significantly affect the
intrinsic properties of bursting CeM-PAG neurons (Fig. 6R-W, Table 7). Collectively, these
data indicate that specific subtypes of PAG-projecting neurons in the CeA are differentially
altered 1 day following induction of peripheral inflammation that evokes significant

mechanical allodynia.

Discussion

Evidence confirms that the central amygdala (CeA) of the rodent consists of a
heterogeneous population of intrinsically distinct neurons (Schiess et al., 1999; Dumont et
al., 2002; Duvarci & Pare, 2014). However, the functional organization of these neuronal
subtypes in the CeA remains not well understood. Here, we investigated whether CeA
neurons with the same projection target express similar intrinsic properties thereby providing
insight into their functional roles. To identify a subpopulation of CeA neurons with a defined
projection target, we injected fluorescent retrograde tracers into different subregions of the

periaqueductal gray (PAG), which is a midbrain structure that integrates motivational/limbic
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and sensory input to initiate specific outputs including coping behavior (Bandler & Carrive,

1988; Bandler & Depaulis, 1988; De Oca et al., 1998).

Consistent with previous studies (Rizvi et al., 1991; Finnegan et al., 2005; Haubensak et
al., 2010; Penzo et al., 2014), our retrograde labeling experiments reveal that PAG-
projecting neurons are distributed in the both central lateral (CelL) and central medial (CeM)
subregions of the amygdala. Moreover, we show that location of our retrograde tracer with
specific subregions of the PAG relates to the topographical distribution of labeled soma in
the CeA. We detect labeled PAG-projecting neurons primarily in the CeL (CeL-PAG
neurons) when retrograde tracer was injected into the ventrolateral region of the caudal
PAG. However, we find labeled PAG-projecting neurons in the CeM (CeM-PAG neurons)
following injections throughout multiple sub-regions of the PAG including rostral PAG and
dorsolateral, lateral, and ventrolateral caudal PAG. This finding is interesting in that distinct
regions of the PAG are devoted to the regulation of defined physiological outcomes. More
specifically, the dorsolateral and lateral areas of the PAG are involved in panic, non-opioid
mediated analgesia, hypertension, and tachycardia while ventrolateral areas are associated
with quiescence, opioid mediated analgesia, hypotension, and bradycardia (Fardin et al.,
1984). Therefore, CeL-PAG and CeM-PAG neurons are topographically poised to regulate

disparate behaviors elicited via activation of the PAG.

Extensive work in both rat and mouse shows that CeL neurons are intrinsically
heterogeneous (Dumont et al., 2002; Lopez de Armentia & Sah, 2004; Chieng et al., 2006;
Haubensak et al., 2010; Amano et al., 2012; Hou et al., 2016; Hunt et al., 2017). Yet, the
functional organization of this heterogeneity is still emerging. Here we show we can isolate
neurons displaying the distinct ‘late firing’ phenotype by recording retrogradely-labeled PAG-

projecting neurons in CeL. Protein kinase C-6 (PKCJ) is expressed in a majority of ‘late-
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firing’ neurons in CeL (Haubensak et al., 2010) suggesting that CeL-PAG neurons in mice
are PKC-06 expressing neurons. However, another study shows a majority of CeL-PAG
neurons express somatostatin (SOM) with negligible expression of PKCd (Penzo et al.,
2014). This is consistent with recent evidence showing minimal overlap of PKC® mRNA and
SOM mRNA expression in CeL neurons (McCullough et al., 2018). Together, this suggests
that late-firing CeL neurons targeting vVIPAG are SOM-positive and PKC®-negative. To note,
42% of PKC-6-negative neurons recorded in the CeL by Haubensak et al., 2010 display a
late-firing phenotype. Further experiments are necessary to dissect the molecular profile of

CelL neurons that send projections to vIPAG.

In contrast to CeL-PAG neurons, we find CeM-PAG neurons are intrinsically diverse.
This diversity of CeM-PAG neurons may be due to widely distributed innervation targets
along the rostral-caudal axis of the PAG. Activation of rostral and caudal dl/IPAG evokes
confrontational and escape behaviors, respectively (Bandler & Shipley, 1994; Bandler et al.,
2000). We find that a majority of labeled CeM neurons following injection of tracer into
caudal dI/IPAG (11/13, Table 5) display either a fast-spiking (FS) or bursting phenotype.
This suggests a functional role for FS and bursting CeM-PAG neurons in modulation of
escape behavior. We identify regular-spiking (RS) CeM-PAG neurons mainly after tracer
injection into the rostral PAG (Table 5). This indicates that RS CeM-PAG neurons play a role
in defensive-confrontational reactions to threat. While these results argue functional
differences for CeM-PAG subtypes, topographical differences are not absolute. We do find
FS and bursting CeM neurons that send projections to rostral PAG and a small subset of the
RS CeM neurons that project to caudal PAG (Table 5). These findings illustrate the
complexity of the CeM-PAG circuit and further studies using transgenic strategies are

needed to dissect the function of defined CeM-PAG pathways.
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Ascending nociceptive input signals the CeA via the parabrachial nucleus (Bernard et
al., 1993; Gauriau & Bernard, 2002; Neugebauer et al., 2003; Neugebauer et al., 2004).
Extensive research shows that CeA neurons are sensitized in models of inflammatory pain
(Neugebauer & Li, 2003; Neugebauer et al., 2003; Li & Neugebauer, 2004a, b, 2006;
Carrasquillo & Gereau, 2007; Ji & Neugebauer, 2007; Ji et al., 2009). Our data expand on
these findings by showing altered membrane properties of distinct subtypes of CeA-PAG
neurons one day following injection of CFA into the hindpaw. Specifically, CFA injection
significantly hyperpolarizes FS CeM-PAG neurons while also increasing their input
resistance. While hyperpolarization suggests a decrease in excitability, the increase in input
resistance enhances AP firing in response to step current when membrane potential was
normalized to -70 mV. Because we did not observe a significant decrease in voltage sag in
FS CeM-PAG neurons, we conclude that the increase in input resistance is not a result of
reduced hyperpolarization-activated current (l,) but possibly a downregulation of a non-
voltage dependent ion channel. Additionally, increased input resistance infers that response
of FS CeM-PAG neurons to synaptic input is enhanced. This suggests that CFA injection to
the hindpaw is sensitizing a specific class of CeA neurons that project to both the rostral and
caudal dI/IPAG, which may indicate a specific supraspinal pathway for which noxious stimuli

stimulates both defense and escape behavior.

Interestingly, we find that CFA injection increases the threshold of AP firing and delays
onset of AP firing at threshold in RS CeM-PAG neurons while having no effect on bursting
CeM-PAG neurons. These data show that intrinsic subtypes of CeM-PAG neurons are not
equally altered by CFA injection into the hindpaw. A CFA induced increased in AP firing
threshold indicates decreased excitability for RS CeM-PAG neurons thereby attenuating
output to PAG regions responsible for defensive-confrontational reactions to external threat.

Together, this shows that CFA injection may be evoking CeA pathways that modulate
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escape behavior while suppressing those involved in defense responses. Of course, more
studies are needed to understand the functional role of RS and FS CeM-PAG pathways
including whether inputs serve to inhibit or disinhibit output from specific PAG subregions.
Additionally, optogenetic strategies aimed at elucidating the targeting of parabrachial
nucleus to specific CeA-PAG subpopulations will be essential for understanding how CFA

injection is altering ascending nociceptive input to defined CeA neurons.

One limitation to this study is that we cannot determine if the intrinsic identity of CeA-
PAG neurons changes following CFA injection (i.e. bursting to fast-spiking). Given we have
a heterogeneous population of neurons in CeM, it is difficult to state with certainty if a
neuron recorded in the CFA group was intrinsically different prior to CFA injection. In future
studies, our goal is to use transgenic strategies to identify CeA-PAG neurons by molecular
marker (i.e. SOM+, PKC-6+) and by retrograde tracer. While our recordings are at relatively
early time point following CFA injection, evidence shows that activation of extracellular
signal-related kinase (ERK) can be detected in CeA neurons hours following induction of
persistent inflammatory pain by formalin injection into the hindpaw (Carrasquillo & Gereau,
2007). However, increased ERK signaling was detected in the capsular subdivision of the
CeA, which we identify as part of the CeL in this study. We do not identify significant intrinsic
changes to CeL-PAG neurons following CFA injection for which there are the following
possible explanations. The first is that ERK-activated neurons following formalin injection do
not include CelL-PAG neurons. The second is that ERK activation is transient, and we are
recording at a time point at which ERK effects have subsided. Third is that ERK activation
does not significantly change intrinsic excitability. The last possibility is that the formalin and
CFA models of inflammatory pain evoke mechanistically distinct changes to CeA neurons.

Nonetheless, our future studies will involve identifying ERK activation in CeA-PAG neurons.
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Overall, our results demonstrate that the CeA-PAG pathway consists of a
heterogeneous population of topographically and intrinsically distinct neurons, which are
differentially altered in the CFA model of inflammatory pain. These findings produce new
insight into pain-induced changes to specific subclasses of CeA neurons that likely play a
key and distinct role in the integration of noxious input with relevant coping behaviors and

descending pain inhibition.
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Figure legends

Figure 1. Topographical distribution of CeA-PAG neurons. A: Schematic depicting
injection of fluorescent beads into the periaqueductal gray (PAG). B: Diagram of coronal
slice showing location of right amygdala. C: Retrograde tracer into the rostral PAG (D:
dorsal; M: medial) resulted in (D) fluorescent retrograde labeling of neurons primarily in the
central medial amygdala (CeM). E: Percentage and number of labeled neurons identified (n
= 888 total) in the CeM and central lateral amygdala (Cel) following retrograde tracer
injection into rostral PAG. F: Retrograde tracer injected throughout the PAG resulted in (G)
fluorescent retrograde labeling of neurons in both CeM and CeL. H: Percentage and number
of labeled neurons identified (n = 1362 total) in the CeM and CeL following retrograde tracer
injection throughout the caudal PAG. I: Retrograde tracer into the dorsolateral/lateral PAG
resulted in (J) fluorescent retrograde labeling of neurons primarily in the CeM. K:
Percentage and number of labeled neurons identified (n = 351 total) in the CeM and CeL
following retrograde tracer injection into dorsolateral/lateral PAG. L: Retrograde tracer into
the ventrolateral PAG resulted in (M) fluorescent retrograde labeling of neurons in both the
CeM and CeL. N: Percentage and number of labeled neurons identified (n = 362 total) in the
CeM and CelL following retrograde tracer injection into ventrolateral PAG. dm: dorsomedial,
dl/I: dorsolateral/lateral, vl: ventrolateral, dr: dorsal nucleus raphe, BLA: basolateral

amygdala.
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Figure 2. A majority of PAG-projecting neurons in CeL are ‘late-firing’.

A: Current-clamp recording from a ‘late-firing’ PAG-projecting CeL neuron showing the
delayed onset of action potential (AP) generation at firing threshold (current steps: multiples
of £ 50 pA). B: Current-clamp recording from a regular spiking PAG-projecting CeL neuron
showing the rapid onset of AP generation at firing threshold (current steps: multiples of + 50
pA). C: Plot of AP frequency vs. current injection values. D: Overlay of single AP traces
(FAHP: fast afterhyperpolarization). E-J: Boxplots displaying comparisons of membrane
potential, current threshold for AP firing, input resistance, AP frequency/current injection
slope, fAHP, and onset time to first AP at firing threshold. *: p < 0.05; **: p < 0.01; ***: p <

0.001.
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Figure 3. PAG-projecting neurons in CeM are intrinsically heterogeneous.

A: Schematic depicting whole-cell recording of a retrogradely-labeled PAG-projecting neuron
in the CeM. B: Example (4x bright-field video image) of a CeM-PAG recording in a brain
slice. C: Proportion of distinct CeM-PAG subtypes identified by whole-cell
electrophysiological recordings. D-F: Representative current-clamp traces of (i) a
hyperpolarization current step to detect voltage sag, (ii) a single AP waveform, and (iii) trains
of AP firing evoked by a 500 millisecond 100 pA step (bottom) and a 500 millisecond 300 pA

step (top) for (D) fast-spiking, (E) bursting, and (F) regular-firing CeM-PAG neurons.
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Figure 4: Comparison of intrinsic properties for CeM-PAG subtypes.

A: Plot of AP frequency vs. current injection values for recorded CeM-PAG subtypes. B-l:
Boxplots displaying comparisons of membrane potential, input resistance, voltage sag,
current threshold for AP firing, voltage threshold for AP firing, spike-frequency adaptation,

AP half-width, and fAHP (* = p < 0.05, one-way ANOVA ).
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Figure 5: Excitability of late-firing CeL-PAG neurons is not altered 1 day after

peripheral inflammatory insulit.

A: Schematic of retrograde tracer injection into the PAG. B: Seven days following tracer
injection into the PAG, saline or CFA was injected into the left hindpaw of littermates to
induce peripheral inflammation. C: One day following CFA/saline injection (post-injection day
1: PID-1), CFA animals displayed significant allodynia compared to baseline (* p < 0.05) and
saline-injected littermates (# p < 0.05, one-way ANOVA). D: Electrophysiological recordings
were performed on CelL-PAG neurons on PID-1. E: Representing AP traces at firing

threshold for late-firing CeL-PAG neurons recorded from a saline-injected (black) and CFA-
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injected (red) animal. F: Plot of AP frequency vs. current injection (left: resting membrane

potential; right: holding membrane potential at -70 mV) for late-firing CeL-PAG neurons from
saline-injected and CFA-injected mice. G-K: Boxplots displaying comparisons of membrane
potential, input resistance, current threshold for AP firing, voltage threshold for AP firing, and

onset of first AP at firing threshold (* = p < 0.05).
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Figure 6: CeM-PAG subtypes are differentially altered 1 day after peripheral

inflammatory insulit.

A: One day following CFA/saline injection (post-injection day 1: PID-1), CFA animals
displayed significant allodynia compared to baseline (* p < 0.05) and saline-injected
littermates (# p < 0.05, one-way ANOVA). B: Electrophysiological recordings were
performed on CeM-PAG neurons on PID-1. C-E: Representing AP traces at firing threshold

for fast-spiking, regular-firing and bursting CeM-PAG neurons recorded from a saline-

Accepted Article

injected (black) and CFA-injected (red) animal. F: Plot of AP frequency vs. current injection
(left: resting membrane potential; right: holding membrane potential at -70 mV) for fast-

spiking CeM-PAG neurons from saline-injected and CFA-injected mice. G-K: Boxplots
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displaying comparisons of membrane potential, input resistance, voltage sag, current
threshold for AP firing, voltage threshold for AP firing for fast-spiking CeM-PAG neurons. L:
Plot of AP frequency vs. current injection (left: resting membrane potential; right: holding
membrane potential at -70 mV) for regular-firing CeM-PAG neurons from saline-injected and
CFA-injected mice. M-Q: Boxplots displaying comparisons of membrane potential, input
resistance, voltage sag, current threshold for AP firing, voltage threshold for AP firing for
regular-firing CeM-PAG neurons. R: Plot of AP frequency vs. current injection (left: resting
membrane potential; right: holding membrane potential at -70 mV) for bursting CeM-PAG
neurons from saline-injected and CFA-injected mice. S-W: Boxplots displaying comparisons
of membrane potential, input resistance, voltage sag, current threshold for AP firing, voltage

threshold for AP firing for bursting CeM-PAG neurons.*: p < 0.05; **: p < 0.01; ***: p < 0.001.
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FIGURE 6

Bursting

E

Regular-firing

D

Fast-spiking

0
Q
0]

e}

N

o

Baseline PID-1

o
@ v_or_mﬁﬁ %08

S1onIy pardosoy

X (Aw) ploysalyy sbejjon
]
i B

(=] o
o

00

= (yd) ,_/H_u:mm_E juauny

|
S

o o (=] o
@ «
- (9,) Bes abeyop
*_H I
F—{ T

[] saline [__]CFA

o (=]

o ()

[9V] A
uejsisay ndu)

o
J
I (ow) =
*_” -1+
LT

(=] o o
h < K
O (Aw) enusjod sueiquisy
*
r
>
£ L
o -
~ o
o &
£ L <
o k=
S Lo
T 4
B =]
T T 5 =
© ¥ o g
<
o L
& 1S5
8 SE
o - 3
.. mC
g &
5 L
2o
o c
=< =
T Su
n O u
o o o o
© ¥ o

L sdvy Jo Jaqunu

e M
1 .

f= o o
o«

b w

QO (Aw) piousaiyy sBejop

1
1

|

o o o (=]
N * = <
Q. (vd) ploysauyy Jsungy &5
T [
g N
g % 8§ °3
%]
o (o) Bes abeyop _H_

HTH
+ —>

-—_—
[=] [=]
0 0
6

=T
< (UW) soueysisay induj
[ I
F_TH

o (=) (=]

bl < @
M (Aw) [enuajod sueiqualy

200

- -
E E
o -

i o
o S
£ L
i<} k=1
[=] O
T 8
B =
— T Y T 3 =
& < g
L ©
2 gE
k] <@
¢ 5
b 23
=] ~
£ !
o
= O *
o C -O
£«
T [T
w O B
o o o
o~ —
- sdy o Jaquinu

H _]-—
m +
8 % §
2 (Aw) ploysaiy} mms_o>

> (yd) poysalyl waung

I~ (W) souejsisay ﬁac_

o —
H T 1
o o (=]
© ~ *®
) (AW) [enuajod sueiquisiy

S -
: &
o =
~ o
o 'S
£ L
=]
o Lo
I
— T
o o o
o~ -—
o L
£ =]
= L
%]
nan, | <
2 &
S L
2o
o c
= < Fo
T3S0
(2] r
——T—TT
o =3 o
5
sdV J0 Jaqunu

[ Saline [_]CFA

Current amplitude (pA)

This article is protected by copyright. All rights reserved.

37



Table 1: Intrinsic properties of neurons in the central amygdala that project to the

periaqueductal gray

Tracer injection: PAG location

CeM-PAG neurons

(n =38, 24 animals,
p25-p60)

9 rostral, 15 caudal

(8 entire caudal, 6

CelL-PAG neurons

(n =30, 16 animals, p28-

p40)

16 caudal

(12 entire caudal, 4 caudal

caudal dl/l, 1 caudal vl) vl)
Subthreshold properties
Resting potential (mV) -62.7 £ 1.3 -69.7 + 1.8
Voltage sag (%) 126+1.3 8.0 + 1.3*
Input resistance (MQ) 262 + 15 192 + 11**+$
Firing properties
Voltage threshold (mV) -39.0+1.5 -34.0 + 1.6
%J(r)r;ent threshold (pA, 25Q-median- 50-100-100 50-100-100 ***$
Onset (msec) A75+6.7 197 + 28***$
Frequency/current (Hz/pA) 0.26 £ 0.02 0.26 £ 0.02
Half-width (msec) 0.57 £ 0.02 0.84 + 0.05***%
Height (mV) 61.6+1.8 73.0 £ 1.9
Spike frequency adaptation (3"/5™) 0.83 +0.03 1.0 + 0.03***%
Spike frequency adaptation (5"/10") 0.82 +0.03 0.95 + 0.02***

Accepted Article

*: p<0.05; **: p<0.01; ***: p <0.001
#: Student’s unpaired t-test

$: Wilcoxon rank sum test

25Q = First quartile (25" percentile), 75Q = Third quartile (75" percentile).
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Table 2: Intrinsic properties of CeL-PAG neuronal subtypes

Late-firing neurons Regular-spiking neurons
G) (n =27, 14 of 16 mice, p28-  (n = 3, 2 of 16 mice,
p40) p31-p38)
—
O 14 caudal 2 entire caudal
Tracer injection: PAG location
() M (10 entire, 4 ventrolateral)
~—
H Subthreshold properties
Resting potential (mV) -711.2+1.7 -58.4 + 4.6**
Voltage sag (%) 6.6+1.2 153+ 7.1+
Input resistance (MQ) 196 + 17 264 + 36
Firing properties
@ Threshold (mV) -345+1.3 -42.8+4.0
H Onset (msec) 220 + 27 22.8 + 5.3
Q Frequency/current (Hz/pA) 0.25+0.02 0.33+0.01*°
q) Half-width (msec) 0.88 + 0.05 0.54 + 0.05*°
Height (mV) 722+23 73.1+2.1
O Spike frequency adaptation 0.99+0.03 1.07 £ 0.07
(3/5™)
O Spike frequency adaptation 0.99 £ 0.02 0.99 £ 0.09
(5"/10™)
< Fast afterhyperpolarization (mV) 52+0.8 1.7 + 2.1=#

*=p<0.05 *=p<0.01; ** =p<0.001
#: Student’s unpaired t-test

$: Wilcoxon rank sum test
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Table 3: Intrinsic properties of CeM-PAG neuronal subtypes

Accepted Article

Tracer injection: PAG

location

Subthreshold properties
Resting potential (mV)
Voltage sag (%)

Input resistance (MQ)

Firing properties
Threshold (mV)

Onset (msec)
Frequency/current (Hz/pA)

Half-width (msec)

Height (mV)

Spike frequency adaptation

(3rd/5th)

Spike frequency adaptation

(5th/1 oth)

Fast afterhyperpolarization

FS neurons

(n=11,9

animals, p29-

p41)

6 caudal

(1 whole, 4
di/l, 1 vl)

3 rostral

-66.5 + 3.5
13.3+1.8

249 £ 24

-38.1+2.7
482+6.4
0.25+£0.02
0.46 + 0.03
64.5+ 3.0

0.89 +0.08

0.89 £ 0.04

-85+17

Bursting
neurons

(n=10,9

animals, p30-

p41)

5 caudal

(3 whole, 2
dif)

4 rostral

-62.6 +2.8
18.3+3.0

306 * 29

-38.1+3.3
37.3+4.2

0.31+0.03

0.65+0.05
63.8+29

0.74 £ 0.06

0.66 + 0.08

13+14

RS neurons

(n=8,8

animals, p29-

p60)

2 caudal

(1 whole, 1
difn)

6 rostral

-63.5+2.3
13.6 £3.5

290 + 33

-38.5+2.2
40.2+£9.1
0.21+£0.03
0.58 £ 0.03
52.7£3.2

0.91+0.04

0.81+£0.05

-49+1.0

Significance

none*
none’

none”

a, b*
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(mV)

FS, fast-spiking; RS, regular-spiking. Data shown as mean + standard error of the mean. a,
FS vs Bursting; b, Bursting vs RS; ¢, FS vs RS. #ANOVA (normally distributed data) or
AKruskal-Wallace test (non-normally distributed data) followed by a Bonferroni post-hoc
analysis for multiple comparisons was used to determine statistical significance which was

set at p <0.05.

Table 4: Comparison of intrinsically distinct CeA-PAG neurons based or

sex

CeM FS neurons

CeM Bursting

CeM RS neurons

CelL LF neurons

Accepted Article

neurons
Male Female Male Female Male Female Male Female
(n=9) (n=4) (=5 (n=5) (n=5) (n=3) (n= (n=17)
10)
Subthreshold
properties
Resting potential -64.0 -65.7 + -58.1 -63.6 + -63.1 -60.1 + -67.9 -74.4 £
(mV) +3.6 6.8 +3.0 3.0 +1.1 3.8 +1.5 1.6**#
Voltage sag (%) 15.3 + 10.0 + 8.51+ 139+ 16.4 + 8.8+ 2.7+ 9.2+
ge sag (% 25 15 1.8 5.0 4.1 6.4 17 1.3
Input resistance 248 + 251 + 307 + 306 + 270 + 324 + 180 + 186 +
(MQ) 34 34 24 55 23 87 17 13
Firing properties
-37.6 -39.2 + -36.6 -39.6 + -39.5 -36.9 + -27.3 -37.3 ¢
Threshold (mV) £25 6.5 +3.9 58 +1.8 57 +27  1.0"$
Onset (msec) 50.8 + 435+ 328+ 418 + 46.2 + 30.0 + 232 + 195 +
9.2 8.5 0.7 0.4 13 9.1 41 32
Frequency/current 0.23 + 0.28 + 0.32 + 0.30 £ 018+ 0.26+ 0.21+ 0.26 +
(Hz/pA) 0.03 0.04 0.05 0.05 0.01 0.07 0.02 0.02
Half-width (msec) 0.51 % 0.38* 065+ 0.63 + 0.63 + 0.50 + 0.98 + 0.79
0.03 0.05*# 0.07 0.07 0.02 0.07 0.1 0.04**$
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66.8+ 605 66.2 614+ 552+ 484+ 623% 76.5

Height (mV) 46 1.5 + 4.1 4.3 4.8 26 47 2.0%%
SFA (375 087+ 092+ 076+ 060+ 094% 087+ 104+ 103z
011 013 006 005 007 003 005  0.04
th 4 th 089+ 087+ 075+ 058+ 079+ 086+ 096+ 095z
SFA (57107 006 005 009 012 007 007 004 003
- - - - - - +
FAHP (V) 83+ -89+ 02% 24% 58+ -35% -79% -43%

2.5 1.6 2.1 2.0 1.1 2.1 1.2 1.0%%

FS, fast-spiking; RS, regular-spiking; LF, late-firing. Data shown as mean * standard error of the
mean.

*=p<0.05 **=p<0.01;** =p<0.001
#: Student’s unpaired t-test
$: Wilcoxon rank sum test

Table 5: CeA-subtypes based on injection location of retrograde tracer within the PAG
of naive mice

CeM-PAG neurons CelL-PAG neurons
Inject_lon F_as_t- Bursting Reg.ju_lar- Late-firing Reg_;u_lar- Late-firing
location spiking spiking spiking

311

Rostral PAG 7o | 510(60%) | 68(75%) | 03 (0%) 0/3 (0%) | 027 (0%)
0

g\f:‘c‘j:')PAG 1111 (9%) | 1/10 (10%) | 0/8 (%) | 3/3(100%) | 3/3 (100%) | 14/27 (52%)

g]'/‘l‘)da' PAG (ggo)) 4110 (40%) | 2/8 (25%) | 0/3 (0%) 0/3 (0%) | 0/27 (0%)
0

Caudal PAG | 4,14 (9%) | 010 (0%) 0/8 (%) 0/3 (0%) 0/3 (0%) | 13/27 (48%)

(V1)
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Table 6: Intrinsic properties of CeL-PAG late firing neurons in CFA inflammatory pain
model

Saline-injection CFA-injection

(n =10 neurons, 5
animals, p35-p51)

(n =11 neurons, 7
animals, p30-p50)

5 caudal 7 caudal
Tracer injection: PAG location (1 entire caudal PAG, 4 (2 entire caudal PAG, 5

caudal VIPAG) caudal vIPAG)

Subthreshold properties

Accepted Article

Resting potential (mV) -78.9+ 2.7 -81.0£2.5
Voltage sag (%) 39+1.0 49+1.1
Input resistance (MQ) 161+ 13 149+7.8
Firing properties

Threshold (mV) -31.5+2.1 -35.4+1.2
Onset (msec) 264 + 39 165 £ 28*
Frequency/current (Hz/pA) 0.18 £ 0.02 0.21£0.02
Half-width (msec) 0.82 +0.08 0.72 +0.04
Height (mV) 69.6 +3.4 743121
Spike frequency adaptation (3"/5™) 1.02 + 0.03 1.11+0.03
Spike frequency adaptation (5"/10™) 1.0+ 0.02 1.1 +0.01
Fast afterhyperpolarization (mV) 84105 7.8+0.6

Data shown as mean % standard error of the mean. *: p = 0.057
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Table 7: Intrinsic properties of CeM-PAG neuronal subtypes in CFA inflammatory

pain model
FS neurons Bursting neurons RS neurons
@ Saline(n CFA(n= Saline(n CFA(n= Saline(n CFA(n=
ﬁ =5 5 =6 5 =7 14
neurons, nNeurons, nNeurons, Neurons, nNeurons, heurons,
c ) 3 4 3 4 5 9
animals, animals, animals, animals, animals, animals,
° M p27-p51) p30-p41) p30-p51) p27-p51) p29-p41) p28-p51)
H 3 caudal 2caudal, 1caudal 2caudal, 3caudal, 6 caudal,
_ 2 rostral dit, 2 2rostral  2rostral 3 rostral
(1 entire rostral
L caudal, 1 (1 caudal (1 entire (2 entire (2 entire
Tracer injection: caudal di/l, 1 caudal, 1 caudal, 1 caudal, 2
PAG location di, 1 caudal caudal caudal caudal
caudal vl) din) difn di/, 2
vl) caudal
vl)
Subthreshold
@ properties
Resting potential -50.3 £ -68.3 £ -67.3 £ -63.4 -59.1 ¢ -63.7 £
P (mV) 6.3 3.6*** 2.6 2.8 3.0 2.8
Voltage sag (%) 10.1 12.2 179+ 141+ 271+ 15.3
4.3 3.3 4.1 5.3 6.5 3.1
@ Input resistance (MQ) 175 £ 11 224 + 233+36 288+56 310+51 269+%19
12*$
( ) Firing properties
Threshold (mV) -26.3 £ -354 + 415+ -37.2 -44.6 + -35.8 £
8.0 2.3 1.4 2.3 0.6 1.4%%+#
Onset (msec) 67.2 + 452 0.04 + 452 234 + 48.6 £
13.5 11.3 0.004 11.3 4.6 5.8**#
Frequency/current 03+ 03+ 0.2+ 0.2+ 031 03+
(Hz/pA) 0.02 0.04 0.02 0.07 0.02 0.02
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Half-width (msec)

Height (mV)

Spike frequency
adaptation (3/5")

Spike frequency
adaptation (5"/10™)

Fast
afterhyperpolarization
(mV)

03+
0.04

58.2 =
20

1.0+ 01

0.8+0.2

8.8+24

04+ 07+01 054 051 051
0.05 0.04 0.02 0.02
665+ 692+ 703+ 702+  635%
6.4 6.4 43 3.0 34

07+ 0.0 004

08202 09201 77 oo oo

09+ 08+ 08¢ 00+

0.04 0.05 701 504 0.07
121'%1' 27+14 06+15 32415 88+2.1

FS, fast-spiking; RS, regular-spiking. Data shown as mean % standard error of the mean.

Statistical comparisons are for saline vs. CFA; *: p < 0.05; **: p < 0.01; ***: p < 0.001

#: Student’s unpaired t-test

$: Wilcoxon rank sum test

Table 8: CeA-subtypes based on injection location of retrograde tracer within the PAG

of saline and CFA-injected mice

CeM-PAG neurons CelL-PAG neurons
Injecti
Ioc::r; i s::iaksi:;g Bursting Z:?I:I:gr- Late-firing I::)?;':‘;- Late-firing
on
Saelin CAF Saelin iF Saelin CFA Saelin ra Saelin CFA Szlin CFA
5/19 | 5/25 | 6/19 | 5/25 | 7/19 14125 119 | 1/25 | 1/11 213 10/11 1713
(26.3 | (20 | (31.6 | (20 | (36.8 (5?% (5.3 | (4%) | (9.1 (10254 (90.9 (%256
%) %) %) %) %) %) %) %)
rosra | 05 3/5 5/6 4/5 5/7 3/14 0 0 0 02 I
IPAG | (054) (z/sc)) (2253 (z/sc; (70/154 (20/154 0% | 0% | %) | ©%) | ©%) | ©0%)
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Cauda
0/5 0/5 0/6 0/5 117 6/14 171 171 171 02 2/10 2/11

| PAG (20% | (18.2
(whole (0%) (0% (0%) (0% | (14.3 | (42.8 | (100 | (100 | (100 (0%) 0 % :
) ) Y | %) | %) | %) | %) | % ) 2
Cauda 4/5 1/5 1/6 1/5 117 3/14 0 0 /1 0/2 010 011
| PAG

(80% | (20 | (16.7 | (20 | (143 | (214 | . . o | 0%) | o
(din) ) w |y | | % | o) (0%) | (0%) | (0%) | (0%) (0%)
Cauda 1/5 1/5 0/6 0/5 017 2/14 0 0 0 22 8/10 9/11
| PAG (80% | (81.8

(20% | (20 (0% (14.2 (100
() V| oy | | TP 1O | o %) | 0%) | 0%) | YT )| %)

Jun-Nan Li is a post-doctoral fellow working in the Sheets lab at Stark Neurosciences Research
Institute and Department of Pharmacology and Toxicology of Indiana University School of Medicine.
He obtained his PhD in Pharmacology from the Harbin Medical University in China. He trained in
electrophysiology with Showalter professor of Pharmacology Grant D. Nicol at Indiana University. His
current research interests are using cutting edge technology to dissect the neural circuits involved in
pain. His goal is to run his own lab aimed at dissecting and manipulating neural circuits modulating

the autonomic function and emotion.

Accepted Article

This article is protected by copyright. All rights reserved.

46





