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As one of the thalamic midline nuclei, the thalamic paraventricular nucleus (PVT) is considered to be an important signal
integration site for many descending and ascending pathways that modulate a variety of behaviors, including feeding, emo-
tions, and drug-seeking. A recent study has demonstrated that the PVT is implicated in the acute visceral pain response, but
it is unclear whether the PVT plays a critical role in the central processing of chronic pain. Here, we report that the neurons
in the posterior portion of the PVT (pPVT) and their downstream pathway are involved in descending nociceptive facilitation
regarding the development of neuropathic pain conditions in male rats. Lesions or inhibition of pPVT neurons alleviated me-
chanical allodynia induced by spared nerve injury (SNI). The excitability of pPVT-central amygdala (CeA) projection neurons
was significantly increased in SNI rats. Importantly, selective optogenetic activation of the pPVT-CeA pathway induced
obvious mechanical hypersensitivity in naive rats. In addition, we used rabies virus (RV)-based and cell-type-specific retro-
grade transsynaptic tracing techniques to define a novel neuronal circuit in which glutamatergic neurons in the vIPAG were
the target of the pPVT-CeA descending facilitation pathway. Our data suggest that this pPVT®""-CeA-vIPAG®™" circuit
mediates central mechanisms of descending pain facilitation underlying persistent pain conditions.
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Studies have shown that the interactions between the posterior portion of the thalamic paraventricular nucleus (pPVT) and
central amygdala (CeA) play a critical role in pain-related emotional regulation. However, most reports have associated this
circuit with fear and anxiety behaviors. Here, an integrative approach of behavioral tests, electrophysiology, and immunohis-
tochemistry was used to advance the novel concept that the pPVT-CeA pathway activation facilitates neuropathic pain proc-
essing. Using rabies virus (RV)-based and cell-type-specific retrograde transsynaptic tracing techniques, we found that
glutamatergic neurons in the vIPAG were the target of the pPVT-CeA pathway. Thus, this study indicates the involvement of
a pPVT®™ " .CeA-vIPAG®™ " pathway in a descending facilitatory mechanism underlying neuropathic pain.
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It has been well recognized that the thalamus is the principal
gateway for the transmission of various sensory information
from the periphery to the cortex (Kolaj et al., 2014). The thalamic
midline nuclei, initially considered “nonspecific,” have recently
gained recognition for their involvement in a variety of distinct
functions, such as stress, motivation and mood (Hsu et al., 2014;
Kirouac, 2015). Interestingly, some midline nuclei have been
verified to function as novel “nociceptive discriminators” and
form two distinct endogenous systems that control noxious
responses: the mediodorsalnucleus of the thalamus (MD) that
participates in the descending facilitation underlying the


mailto:deptanat@fmmu.edu.cn
mailto:donganat@fmmu.edu.cn

7838 - ). Neurosci., October 7, 2020 - 40(41):7837-7854

development of mechanical allodynia and the ventromedial nuclei
of the thalamus (VMs) that specifically mediates the descending in-
hibition of thermal hyperalgesia in rats (You et al., 2013).

Recently, the thalamic paraventricular nucleus (PVT), another
thalamic midline nucleus, has also attracted increasing attention for
its function. Based on anatomic connectivity and functions, the
PVT is divided into anterior (aPVT) and posterior (pPVT) portions
along the rostrocaudal axis (Li and Kirouac, 2012; Li et al,, 2014;
Dong et al., 2017). The pPVT is associated with fear and anxiety via
projections to the bed nucleus of the stria terminalis (BNST) and
the amygdala (Li and Kirouac, 2008; Li et al., 2010; Kirouac, 2015).
Interestingly, chemogenetic inhibition of PVT neurons has been
shown to attenuate acute pancreatitis-related visceral pain (Jurik et
al,, 2015), although its mechanisms including its downstream neural
circuitry, are not fully understood.

The central amygdala (CeA) is now defined as the “nocicep-
tive amygdala” and contains a population of neurons involved in
processing pain-related information (Han et al., 2005; Nakao et
al,, 2012). Notably, the pPVT has denser projections to the CeA
than to other amygdaloid nuclei (Li and Kirouac, 2008; Vertes
and Hoover, 2008; Kuramoto et al., 2009), and the pPVT-CeA
pathway has been identified to play a vital role in fear learning
and memory (Do-Monte et al, 2015; Penzo et al, 2015).
Nevertheless, whether the pPVT-CeA pathway is involved in
nociception transmission or modulation remains unclear.

There are many complicated neural circuits in the brain stem
involved in descending pain modulation, in which the periaqueduc-
tal gray (PAG)-rostral ventromedial medulla (RVM)-spinal dorsal
horn (SDH) pathway is recognized as the classical and most essen-
tial central endogenous descending pain system (Millan, 2002;
Heinricher et al., 2009). Therefore, the PAG is considered to be a
key site for the integration of descending pain modulation. One
strong downstream target of the CeA is the PAG, especially the ven-
trolateral subregion of the PAG (VIPAG; Rizvi et al, 1991).
According to the aforementioned literature evidence, we hypothe-
size that the pPVT might function through the CeA and vIPAG to
affect the endogenous pain modulating system.

Here, using neuroanatomical tracing methods, chemogenetic
and optogenetic approaches, we anatomically and functionally
define a novel pathway from the pPVT to the vIPAG via the CeA
(that is, the pPVT-CeA-vIPAG pathway) that is involved in de-
scending pain facilitation.

Materials and Methods

Animals

Sprague Dawley male rats and VGLUT2-ires-Cre male mice were used.
The Sprague Dawley rats were purchased from the Laboratory Animal
Center of the Fourth Military Medical University; the animals weighed
260-320 g (specifically, 80-100 g for electrophysiology). The VGLUT2-
ires-Cre mice (20-25 g) were purchased from The Jackson Laboratory.
The animals were housed in a 12/12 h light/dark cycle with free access to
food and water, and all experiments were performed during the light
cycle between 8 A.M. and 6 P.M. All procedures were conducted in ac-
cordance with the International Association for the Study of Pain guide-
lines (Zimmermann, 1983) for the care and use of laboratory animals
and were approved by the Ethics Committee of Animal Use for Research
and Education of the Fourth Military Medical University (Xi’an,
People’s Republic of China).

Neuronal tract tracing

Neuronal tract tracing was performed on the rats as previously described
(Liang et al., 2016). Briefly, the rats were deeply anesthetized with pento-
barbital sodium (50 mg/kg, i.p.) and then mounted on a stereotaxic ap-
paratus (Narishige Scientific Instrument Lab). The tracers used in this
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study include the anterograde tracer biotinylated dextran amine (BDA;
D1956, 10,000 MW; Invitrogen), retrograde tracers Fluoro-Gold (FG;
80014, Biotium), and tetramethylrhodamine-dextran (TMR; D3308,
3000 MW, Invitrogen) that were stereotaxically pressure-injected into
the related nuclei through different glass micropipettes (internal tip di-
ameter, 50-80 um) attached to a 1-ul Hamilton microsyringe. The injec-
tions were performed on the right side according to the atlas of the brain
created by Paxinos and Watson (Paxinos and Watson, 2007), and the
coordinates were as follows: 2.3-2.5 mm posterior to the bregma, 4.3
mm lateral to the midline, and 8.3 mm ventral to the skull surface for the
CeA; 3.2-3.4 mm posterior, 0.3 mm lateral, and 5.6 mm ventral to the
bregma, midline, and skull surface, respectively, for the pPVT; and 7.8—
8.0 mm posterior, 0.6 mm lateral, and 5.8 mm ventral to the bregma,
midline, and skull surface, respectively, for the vVIPAG. After surgery, the
rats were allowed to survive for 7 d.

BDA (0.06 pl, 10%, dissolved in distilled water), FG (0.04 pl, 4%, dis-
solved in distilled water), or TMR (0.05 pl, 10%, dissolved in trisodium
citrate solution; pH 3.0; Kaneko et al., 1996) were each stereotaxically
pressure-injected into the CeA, separately. Then, 0.04 il of 10% BDA
was pressure-injected into the pPVT and 0.04 pl of 4% FG was pressure-
injected into the ipsilateral vVIPAG.

Establishment of a pain model

In the present study, we used spared nerve injury (SNI) to establish a
neuropathic pain model, which has been reported previously (Decosterd
and Woolf, 2000). Briefly, the rats received general anesthesia with pen-
tobarbital sodium (50 mg/kg, i.p.). After disinfection, the sciatic nerve
and its three terminal branches on the left side were clearly exposed by
small incisions made on the skin and to the biceps femoris muscle in the
left thigh. Two ligations were made on the common peroneal and tibial
branches with 5-0 silk sutures. Then, the nerves were cut between the
ligations, and 2-4 mm of the distal nerve stump was removed. The mus-
cular fascia and skin were closed. Those in the sham group underwent
the same surgery procedures, except they did not undergo ligation or the
cutting of the nerves.

Behavioral tests

SNI-induced mechanical allodynia was assessed by measuring the paw
withdrawal threshold (PWT) of the ipsilateral hind paw. After the rats
were acclimated for 30 min, a series of von Frey filaments (Stoelting)
from 0.16 to 26.0 g were applied to the plantar surface of the hind paw
with a sufficient force to bend the filaments for 5 s. A sharp withdrawal
of the hind paw was recorded as a positive response. The minimal value,
that elicited at least six positive responses in 10 stimuli for every fila-
ment, was recorded as the PWT. The PWT baseline values of the normal
rats selected in our experiment were 10-15 g. Experimental subjects had
unique number identifiers and the behavioral experimenters were
blinded to the animal grouping.

Chemical lesions

A combination of chemical lesions in the pPVT by caused kainic acid
(KA; MKBS7052 V, Sigma-Aldrich) and behavioral tests were used to
observe the roles of the pPVT in neuropathic pain development. The
rats were randomly divided into five groups: sham, SNI, sham + KA,
SNI + saline, and SNI + KA. In the SNI + saline or SNI + KA groups,
the rats received brain stereotaxic injections of 0.5 pl of KA (1 mg/ml) or
0.9% saline into the bilateral pPVT (midline, 3.3 mm posterior to the
bregma and 5.6 mm ventral to the skull surface), respectively, before the
SNI. Behavioral tests with von Frey filaments were conducted on days 4,
7,10, 14, 21, and 28 after the SNI. After behavioral tests were completed,
the rats were perfused with fixative. Neuronal nuclei (NeuN)-labeled
neurons and astrocytes labeled by glial fibrillary acidic protein (GFAP)
in the pPVT were used to examine and reconstruct the lesion region.
Behavioral data collected from the rats in which only lesion areas were
restricted to the bilateral pPV'T were used for further analysis.

Virus injections and chemogenetics
We used a chemogenetic approach with designer receptors exclusively
activated by designer drugs (DREADDs; Farrell and Roth, 2013) to
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inhibit pPVT neurons. An AAV virus with the CaMKIIa promotor can
specifically infect excitatory neurons. Additionally, hM4Di is an artificial
receptor modified from human muscarinic acetylcholine receptor M4
(Armbruster et al., 2007; Whissell et al., 2016) that is potently activated
by clozapine-N-oxide (CNO). In neurons, the binding of CNO with
hM4Di hyperpolarizes the cell membrane and inhibits the action poten-
tial of neurons. Based on reports that pPVT neurons are mainly gluta-
matergic, we used the virus AAV2/9-CaMKIIa-hM4Di-mCherry (PT-
0017, 7.36 x 10'> genome copies/ml, BrainVTA) to inhibit excitatory
neuronal activity in the pPVT. First, the rats received injections of 0.5 ul
of AAV2/9-CaMKIIa-hM4Di-mCherry or AAV2/9-CaMKIIa-mCherry
(PT-01008, 5.84 x 10'* genome copies/ml, BrainVTA) into the pPVT
(midline, 3.3 mm posterior to bregma and 5.6 mm ventral to the skull
surface), and then SNI surgery was performed 18d after AAV virus
injection. Ten days later, the rats were given von Frey tests before and
30min after CNO (C4759, 2mg/kg, LKT Laboratories) administration
intraperitoneally. The PWT was measured 40 min after the CNO injec-
tion. Finally, the rats were perfused to examine viral infections in the
pPVT.

Fluorescence in situ hybridization (FISH) combined with retrograde tract
tracing

FISH was used to observe the expression of vesicular glutamate trans-
porters (VGLUTI and VGLUT?2) that are generally considered markers
for glutamatergic neurons. Here, we first observed that the pPVT neu-
rons were positive for VGLUT1 or VGLUT2 mRNA and then mainly
examined whether the retrogradely labeled pPVT neurons projecting to
the CeA expressed VGLUT2 mRNA.

For RNA probe preparation, the preparation methods of the digoxige-
nin-labeled RNA probes was the same as those described in Ge’s article
(Ciocchi et al., 2010). The complementary DNA fragment of VGLUT1 (nu-
cleotides 152-1085; GenBank accession No. NM_182993.2; Watakabe et al.,
2006) or VGLUT?2 (848-2044; NM_080853.2; Nakamura et al., 2007) was
cloned into a vector pBluescript II KS(+) (Stratagene). By using linearized
plasmids (kindly presented by Hioki, Department of Brain Morphology,
School of Medicine, Kyoto University) as template, we synthesized sense
and antisense single-strand RNA probes with a digoxigenin RNA labeling
kit (Roche Diagnostics).

For double labeling with FISH and immunofluorescence, the follow-
ing hybridization procedure was conducted according to Hioki’s litera-
ture (Hioki et al,, 2010). Briefly, the rats injected with TMR into the
right CeA were deeply anesthetized with sodium pentobarbital (40 mg/
kg) and then perfused with 0.01 m PBS (pH 7.4) and 0.1 m phosphate
buffer (PB; pH 7.4) treated with 0.1% (v/v) diethyl pyrocarbonate
(DEPC; DH098-2, Genview). Then, the sections were hybridized under
aseptic conditions to maintain an ribonuclease (RNase)-free state. The
free-floating sections were prehybridized for 1-1.5 h in a prehybridiza-
tion buffer, which consisted of 5x saline sodium citrate (SSC; 1x
SSC=0.15 m NaCl and 0.015 M sodium citrate, pH 7.0), 2% (w/v) block-
ing reagent (Roche Diagnostics), 50% (v/v) formamide, 0.1% (w/v) N-
lauroylsarcosine (NLS), and 0.1% (w/v) sodium dodecyl sulfate (SDS).
Then, 1 ug/ml of a digoxigenin-labeled VGLUT1 or VGLUT?2 riboprobe
was added to the prehybridization buffer and sections were incubated
for 20-24 h at 58°C. After two washes in 2x SSC, 50% (v/v) formamide
and 0.1% (w/v) NLS for 20min at 58°C, the sections were incubated
with 20 ug/ml RNase A for 30 min at 37°C in 10 mm Tris-HCI (pH 8.0),
1 mm ethylenediaminetetraacetic acid and 0.5 m NaCl, followed by two
washes with 0.2x SSC containing 0.1% (w/v) NLS for 20 min at 37°C.

After the washing and RNase treatment steps, the hybridized sections
were incubated overnight at room temperature (RT; 22-24°C) with a
mixture of peroxidase-conjugated antidigoxigenin sheep antibody
(1:1000, Roche Diagnostics catalog #11-207-733-910, RRID:AB_514500)
and rabbit anti-TMR antibody (1:200, Invitrogen catalog #A6397, RRID:
AB_1502299) in 0.1 M. Tris-HCI (pH 7.5)-buffered 0.9% (w/v) saline
(TS7.5) containing 1% blocking reagent (TSB). To amplify the signals
for VGLUT1 or VGLUT2 mRNA, we performed the biotinylated tyra-
mine (BT)-glucose oxidase (GO) amplification method (Kuramoto et al.,
2009) with a reaction mixture containing 1.25 um BT, 3 ug/ml GO,
2mg/ml B-D-glucose, and 1% bovine serum albumin (BSA) in 0.1 m PB
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for 30 min. The sections were then incubated with Alexa Fluor 594-con-
jugated donkey anti-rabbit IgG (1:500, Invitrogen catalog #A21207,
RRID:AB_141637) in TSB for 4 h and then with FITC-avidin (1:1000,
Vector catalog #A-2001, RRID:AB_2336455) in TSB for 2 h. The speci-
ficity of the hybridization reaction was verified by processing some sec-
tions treated with labeled sense probes instead of with antisense probes.
Labeling was not observed under these conditions.

Electrophysiology

A week after TMR injection into the CeA and SNI model, the rats weigh-
ing 80-100 g were anesthetized with pentobarbital sodium (50 mg/kg, i.
p-) and then decapitated. Coronal slices (400 um) containing the pPVT
were cut at 2-4°C on a vibrating microtome (Leica VT 1200s) in sucrose
artificial CSF (sucrose-aCSF), which contained the following: 2.5 mm
KCl, 1.2 mm NaH,PO,, 26 mm NaHCO3, 220 mum sucrose, 6 mm MgSOy,
0.5 mm CaCly, and 10 mum glucose with a pH of 7.4. Sucrose-aCSF solu-
tions were bubbled with carbogen gas (95% O, and 5% CO,). Then, the
brain slices were transferred to a submerged recovery chamber with oxy-
genated normal-sodium aCSF containing the following: 124 mm NaCl,
2.5 mm KCl, 2 mm MgSO,4, 1 mm NaH,PO,, 25 mm NaHCO;, 2 mm
CaCl,, and 37 mu glucose. The slices were incubated for 2 h at RT before
recording.

The slices were transferred to a recording chamber (volume: 0.5 ml)
that was mounted on a fixed-stage upright microscope (BX51W1,
Olympus). The slices were continuously perfused with normal-aCSF
bubbled with carbogen gas at a rate of 2-3 ml/min. The patch pipettes
were constructed with a P-97 micropipette puller (Sutter Instruments)
from borosilicate glass capillary tubes (outside diameter: 1.5 mm, inside
diameter: 0.84 mm with microfilaments, 1B150F-4, World Precision
Instruments). The pipette resistances were 3-5 M{) when filled with the
internal pipette solution, which contained the following: 130 mm K-glu-
conate, 5 mM NaCl, 15 mm KCI, 0.4 mm EGTA, 10 mm HEPES, 4 mm
Mg-ATP, and 0.2 mm Tris-GTP. This solution was titrated to pH 7.3
with KOH. The osmolality of the pipette solutions was adjusted to 290—
300 mOsm. Whole-cell patch-clamp recordings were made from TMR-
containing neurons projecting to the CeA that were visualized by epiflu-
orescence using a tetramethyl rhodamine isothiocyanate (TRITC) filter
set (U-HGLGPS, Olympus) with a monochrome CCD camera (IR-
1000E, DAGE-MTI) and monitor. The neurons were recorded using a
Multiclamp 700B amplifier (Molecular Devices). The pCLAMP software
(v. 10.02, Molecular Devices) was used to acquire and analyze the data.
The signals were low-pass filtered at 2.6kHz, digitized at 10kHz
(Digidata 1322A, Molecular Devices), and saved on a computer for off-
line analysis. Before collecting the data, the neurons were given at least
3 min to stabilize. Spontaneous EPSCs (SEPSCs) and the minimum cur-
rent required to elicit an action potential (rheobase current) were used
to investigate SNI-induced changes in neuronal excitability in the pPVT.
The sEPSCs of neurons retrogradely labeled with TMR were voltage-
clamped and recorded at —60 mV after blocking GABAergic transmis-
sion by picrotoxin (100 mwm, Sigma), a GABA receptor antagonist. The
rheobase current was measured in current-clamp mode by injecting
pulse steps of depolarizing current (steps of 5 pA for 15ms) until action
potentials were induced. The threshold of action potentials was meas-
ured at the beginning of the fastest rising phase. In all recordings, the ini-
tial access resistance was <30 M) and monitored throughout the
experiment. Data were discarded if the access resistance changed by
>15% during the experiment. Seven (control group) or six (SNI group)
rats were used for electrophysiology recordings. One to two coronal
brain slices (400 um for each) containing the pPVT were cut from one
animal, and only one neuron in the pPVT was recorded for the electro-
physiology from each slice.

To identify the morphologic properties of the recorded neurons,
0.2% biocytin (Sigma) was added to the recording pipette solution. After
recording, the brain slices were immediately fixed in 4% paraformalde-
hyde made with 0.1 M PB for 4 h at RT. In addition, brain slices were
subsequently stored in 30% sucrose solution overnight at 4°C. After a
thorough washing with PBS, the tissue was incubated with a rabbit anti-
TMR antibody, 1:200 (Invitrogen catalog #A6397, RRID:AB_1502299),
for 24 h followed by an incubation in a mixture of FITC-avidin, 1:1000


https://www.ncbi.nlm.nih.gov/nuccore/NM_182993.2.
https://scicrunch.org/resolver/AB_514500
https://scicrunch.org/resolver/AB_1502299
https://scicrunch.org/resolver/AB_141637
https://scicrunch.org/resolver/AB_2336455
https://scicrunch.org/resolver/AB_1502299

7840 - ). Neurosci., October 7, 2020 - 40(41):7837-7854

Liang etal. e pPVT-CeA-vIPAG pathway in neuropathic pain

Table 1. Antisera used for DAB technique and multilabeling immunofluorescence staining

Group Primary antisera Secondary antisera Tertiary antisera
NeuN/GFAP  Rabbit anti-NeuN Alexa Fluor 594 donkey anti-rabbit (1:500, Invitrogen, catalog
(1:200, Cellsignal, catalog #12943S, RRID:AB_2630395) #A21207, RRID:AB_141637)
Mouse anti-GFAP Alexa Fluor 488 donkey anti-mouse (1:500, Invitrogen, catalog
(1:200, Millipore, catalog #ab MAB3580, RRID:AB_94936) #A21202, RRID:AB_141607)
BDA" - - Avidin-biotinylated peroxidase complex
(1:200, Vector, catalog #PK-6101,
RRID:AB_2336820)
FG/BDA Rabbit anti-FG Alexa Fluor 488 donkey anti-rabbit (1:500, Invitrogen, catalog  Alexa Fluor 594 avidin (1:1000,
(1:500, Millipore, catalog #AB153-I, RRID:AB_2632408) #A21206, RRID:AB_2535792) Invitrogen, catalog #A-21135, RRID:
AB_2535774)
FG/FOS Rabbit anti-FG Alexa Fluor 488 donkey anti-mouse (1:500, Invitrogen, catalog -
(1:500, Millipore, catalog #AB153-I, RRID:AB_2632408) #A21202, RRID:AB_141607)
Mouse anti-FOS Alexa Fluor 594 donkey anti-rabbit (1:500, Invitrogen, catalog
(1:500, Abcam, catalog #ab208942, RRID:AB_2747772) #A21207, RRID:AB_141637)
Fa/ Rabbit anti-FG Alexa Fluor 594 donkey anti-mouse FITC-avidin
BDA/ (1:500, Millipore, catalog #AB153-I, RRID:AB_2632408) (1:500, Invitrogen, catalog #A21203, RRID:AB_2535789) (1:1000, Vector, catalog #A-2001, RRID:
FOS Mouse anti-FOS Alexa Fluor 647 donkey anti-rabbit (1:500, Invitrogen, catalog AB_2336455)

(1:500, Abcam, catalog #ab208942, RRID:AB_2747772)

#A31571, catalog #RRID:AB_162542)

* Nickel-DAB-H,0, reaction.

(Vector catalog #A-2001, RRID:AB_2336455), and Alexa Fluor 594-con-
jugated donkey anti-rabbit IgG, 1:500 (Invitrogen catalog #A21207,
RRID:AB_141637), antibodies in PBS for 4-6 h at RT.

Virus injections and optogenetics

To optogenetically (Park and Carmel, 2016; Rajasethupathy et al., 2016)
activate the pPVT-CeA pathway, a volume of 0.3 ul AAV2/9-CaMKIIa-
ChR2(E123T/T159C)-mCherry (PT-0005, 4.30 x 10" genome copies/
ml, BrainVTA) was injected into the right pPVT. The light-sensitive pro-
tein channel rhodopsin (ChR2) can induce the opening of cation chan-
nels, promote neuronal depolarization, and then evoke an action
potential to activate neurons under the excitation of blue light (the maxi-
mum excitation peak is near 470 nm). AAV2/9-CaMKIIa-mCherry (PT-
01008, 5.84 x 10'* genome copies/ml, BrainVTA) was used as a control
virus. The rats were allowed to survive for five weeks. Then, all rats were
anesthetized with isofluorane by an animal anesthesia machine (HSIV-
130105055, Shanghai Raymain Information Technology Co, Ltd.), and
fiber optic ferrules (0.22 NA, 200-um core, 13-mm length, Doric Lenses)
were then implanted into the right CeA (the depth was 0.2 mm more su-
perficial than that for the brain stereotaxic injection), for which the
power density at the tip was 15-20 mW as detected by the optical power
meter (Q8230, ADVANTEST). Five days later, photostimulation was
performed on the rats with fiber optic ferrules in the CeA by connecting
the ferrule to a fiber optic cable with a rotary joint (Doric lenses), and
then attaching to a fiber-coupled 473-nm blue laser (BL473T8-150FC,
Shanghai Laser and Optics Co) with an ADR-800A adjustable power
supply by another fiber optic cable. The output laser power from the
fiber optic cable was measured by using a photometer (Thor Labs) and
set to ~15 mW/mm?, as the power loss through the ferrule-cable con-
nection was 10-20%. The rats were acclimated for 30 min before receiv-
ing stimulation in the advanced brain function laboratory. For von Frey
tests, a 15-s stimulation (473 nm at 20 Hz, 15-ms pulse, 15 mW/mmZ)
with a 10-s break following each stimulation was performed for each ani-
mal until the mechanical thresholds were detected. Finally, the rats were
perfused, and virus injections were further observed.

Brain tissue preparation

After deep anesthesia with pentobarbital sodium (50 mg/kg, i.p.), the
rats were perfused with 150 ml of 0.01 m PBS (pH 7.4) followed by 500
ml of 4% (w/v) paraformaldehyde in 0.1 M PB (pH7.4) for ~1.5 h.
Subsequently, brains were removed and immersed in 30% (w/v) sucrose
solution (4°C) for at least 48 h. The injection sites for tracers were coro-
nally cut into 40 pm sections and sites containing projections were cut
into 35-pum-thick sections. Sections were cut on a freezing microtome
(CM1950, Leica).

Immunohistochemistry study

In the present study, fluorescent tracer injections were observed directly
under an epifluorescence microscope (BX-60; Olympus), and a nickel-
diaminobenzidine (DAB)-H,0, technique was applied to visualize the
sites of the BDA injections into the CeA. If the injection sites were suc-
cessful, brain slices of the projection sites were selected for further study.
All the antisera used here are listed in Table 1.

Nickel-DAB-H,0, techniques were only used for the BDA injection
and projection sites in our experiment. The primary and secondary anti-
sera involved were omitted for BDA staining because it was biotinylated.
Brain slices were incubated with an avidin-biotinylated peroxidase com-
plex for 2-4 h at RT. Subsequently, the slices were allowed to react for
15-30 min in 20% (w/v) DAB reagent by adding 0.3% (v/v) H,O,. The
20% (w/v) DAB reagent for four to five brain sections was prepared by
dissolving 1 mg of DAB (48596LMYV, Sigma) in 5 ml of 0.05 m. Tris-HCl
(pH 7.6) with 10% (v/v) nickel ammonium sulfate.

Immunofluorescent histochemical methods were used to evaluate
the double-labeling of NeuN/GFAP and FG/FOS in the pPVT and FG/
BDA in the CeA and the triple-labeling of FG/BDA/FOS in the CeA.
Briefly, the sections were incubated with primary antisera for 18-24 h at
4°Cin 0.01 M PBS containing 1% (v/v) normal donkey serum, 0.3% (v/v)
Triton X-100, 0.02% (w/v) sodium azide, and 0.12% (w/v) carrageenan
(pH7.4). Then, the sections were incubated with secondary antisera (flu-
orescein-labeled IgG) for 6-8 h at 4°C. If necessary, the sections were
incubated with tertiary antisera for 2-4 h in 0.01 M PBS with 0.3% (v/v)
Triton X-100 at 4°C.

In the negative control experiments, the primary antisera were omitted,
and the other steps were the same as those for the experimental groups.

Electron microscopy observation
An electron microscopic analysis of pre-embedding immunoperoxidase
labeling (Lu et al.,, 2015) was used to reveal the synaptic connections
between BDA-immunopositive terminals and neurons retrogradely la-
beled with FG in the CeA. One week after the tracer injections, the rats
were deeply anesthetized and transcardially perfused with 150 ml of 0.01
M PBS and then 500 ml of 0.1 M PB containing 4% (w/v) paraformalde-
hyde, 0.1% (v/v) glutaraldehyde, and 15% (w/v) saturated picric acid for
~0.5 h. Subsequently, brains were removed immediately, postfixed for
2-4 h, and cut into 50-pum coronal sections by a vibratome (Microslicer
DTM-1000; Dosaka EM). The injection sites were checked under an epi-
fluorescence microscope. Only animals that received successful injec-
tions into both the pPVT and vIPAG were used for additional
experiments.

The sections were placed into 0.1 M PB containing 25% (w/v) sucrose
and 10% (v/v) glycerol for 30min and freeze-thawed with liquid


https://scicrunch.org/resolver/AB_2336455
https://scicrunch.org/resolver/AB_141637
https://scicrunch.org/resolver/AB_2630395
https://scicrunch.org/resolver/AB_94936
https://scicrunch.org/resolver/AB_141637
https://scicrunch.org/resolver/AB_141607
https://scicrunch.org/resolver/AB_2336820
https://scicrunch.org/resolver/AB_2632408
https://scicrunch.org/resolver/AB_2535792
https://scicrunch.org/resolver/AB_2535774
https://scicrunch.org/resolver/AB_2632408
https://scicrunch.org/resolver/AB_2747772
https://scicrunch.org/resolver/AB_141607
https://scicrunch.org/resolver/AB_141637
https://scicrunch.org/resolver/AB_2632408
https://scicrunch.org/resolver/AB_2747772
https://scicrunch.org/resolver/AB_2535789
https://scicrunch.org/resolver/AB_162542
https://scicrunch.org/resolver/AB_2336455

Liang et al.  pPVT-CeA-vIPAG pathway in neuropathic pain

A Bregma -3.00 mm Bregma -3.12 mm

Figure 1.

Bregma -3.24 mm

J. Neurosci., October 7, 2020 - 40(41):7837-7854 - 7841

Bregma -3.36 mm  Bregma -3.48 mm

2]
c
o
>
200
< 5 2
oo
3 20
pd =3
Q
w 2 ©
= 100-
>
(3]
P
0
SNI+Saline SNI+KA
|
274 N=6 -+ Sham
(=) -+ Sham+KA
; 24 -~ SNI
S 214 -= SNI+Saline
< -+ SNI+KA
© 3 181
£ =
g = 151
s = 121
Z g 94
@ £
£ 5l
= Hith
= 34
g T 4+
0 4 7 10 14 21 28
Time (Days)

Lesion of the pPVT by KA injection modulates neuropathic pain. A, The drawing showing the rostro-caudal extent of KA injection (black). B1, B2, The NeuN-labeled neurons in

SNI + KA in the pPVT (white dotted outline in B7). B—D, Representative images from the same rat as A. €1, €2, The GFAP-labeled astrocytes in SNI + KA in the pPVT. D1, D2, The merged
pictures of B, C. ET, E2, The NeuN-labeled neurons in SNI + saline in the pPVT (white dotted outline in E7). F1, F1, The GFAP-labeled astrocytes in SNI + saline in the pPVT. G1, G1, The
merged pictures of E, F. Scale bars =100 um (D1, G7; applied in B, €1, E1, F1) and 50 um (D2, G2; applied in B2, €2, E2, F2). H, Quantitative analysis of the number of NeuN-labeled neu-
rons in the pPVT; *p << 0.001, SNI + KA versus SNI + saline. I, The PWTs in rats by von Frey tests from the post-SNI operation days 4-28 (n = 6 in each group); ™ "p << 0.001, SNI versus

sham; *p << 0.05, SNI + KA versus SNI + saline; *p < 0.01, " p << 0.001, SNI -+ KA versus sham.

nitrogen for 2-3 s. The sections were then blocked in 20% (v/v) normal
donkey serum for 40 min at RT. For double immunolabeling of FG/
BDA, the sections were incubated with rabbit anti-FG IgG for 24 h at a
concentration of 1:200 (Millipore catalog #AB153-I, RRID:AB_2632408)
at 4°C, then further incubated overnight at RT with goat anti-rabbit IgG
antibody conjugated to 1.4-nm gold particles at a concentration of 1:200
(Nanoprobes catalog #2003, RRID:AB_2687591). The antisera were
diluted in 0.05 M. Tris-buffered saline (TBS; pH 7.4) containing 2% (v/v)
normal donkey serum. Subsequently, the sections were processed for sil-
ver enhancement with an HQ Silver kit (Nanoprobes) and then incu-
bated with an ABC reagent (Vector) diluted to a concentration of 1:100
in 50 M TBS for 3-4 h at RT for a DAB reaction.

Next, the sections underwent osmification with 1% OsO, in 0.1 m PB
for 25min, counterstaining with 1% uranyl acetate, and dehydration
before being embedded flat in Durcupan resin (Fluka) and mounted on

silane-coated glass slides. After polymerization for 48 h at 60°C, small
pieces containing the CeA were cut into 70-nm-thick sections on an
ultramicrotome (Reichert-Nissei Ultracut S, Leica). The ultrathin sec-
tions were then imaged.

Anatomical tracing by recombinant rabies virus (RV)-based and cell-
type-specific retrograde transsynaptic tracing techniques

To identify the specific neurons within the vIPAG targeted by the pPVT-
CeA pathway, we used a technique combining a Cre-dependent, cell-
type-specific anterograde-tracing virus with the recombinant RV-based
retrograde transsynaptic tracing (Wickersham et al., 2007; Callaway and
Luo, 2015) in VGLUT?2-ires-Cre mice. Here, the elongation factor 1-a
(Efla) promotor, a wide expression promoter, was used. To ensure the
viruses were expressed in Cre mice, the double-floxed inverse orienta-
tion (DIO) was needed in conjunction with the Cre recombinase. For
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anterograde tracing, the AAV2/9-Efla-DIO-EYFP virus was injected
into the right pPVT. For retrograde transsynaptic tracing, the recombi-
nant RV system was injected into the right side of the vIPAG in
sequence. The RV, whose glycoprotein (G) gene is deleted from the ge-
nome (RVAG), cannot spread across synapses. G complementation ena-
bles the transsynaptic spread of RVAG to presynaptic neurons. The virus
particles formed by the RV were packed with the fusion protein of the enve-
lope protein (EnvA) of the recombinant avian sarcoma virus, which can
specifically recognize the EnvA receptor TVA to specifically infect cells.
With the aid of helper viruses (AAV-Efla-DIO-EGFP-TVA and AAV-
Efla-DIO-RVG), RV-EnvA-AG can be used to perform cell-type-specific
retrograde transsynaptic tracing in specific types of neurons. The viruses
involved and the specific steps were introduced as follows. On day 1, 0.2 pl
of AAV2/9-Efla-DIO-EYFP (PT-0023, 7.29 x 10'* genome copies/ml,
BrainVTA) was stereotaxically injected into the right pPVT (1.58 mm pos-
terior to the bregma, 0.05 mm lateral to the midline, and 3.05 mm ventral
into the skull surface) and the helper virus mixture (1:1) of AAV2/9-Efla-
DIO- EGFP-TVA (PT-0021, 7.32 x 10" genome copies/ml, BrainVTA)
and AAV2/9-Efla-DIO-RVG (PT-0023, 7.29 x 10'* genome copies/ml,
BrainVTA) was stereotaxically injected into the right vVIPAG (4.60 mm pos-
terior to the bregma, 0.05 mm lateral to the midline, and 2.90 mm ventral

to the skull surface) of VGLUT2-ires-Cre mice, which allowed EGFP-TVA
and RVG to be selectively expressed in VGLUT2-containing neurons. On
day 21, 0.2 ul of RV-EnvA-AG-dsRed [R01002, 2.20 x 10° infectious units
(IFU)/ml, BrainVTA] was injected into the vVIPAG at the same injection site
in a biosafety-level-2 environment. The mice were allowed to survive for 7 d
and then were transcardially perfused with 4% paraformaldehyde in PB;
their brains were extracted for observation by confocal laser scanning
microscopy.

Image acquisition

The immunohistochemical images were captured under a light microscope
(AH-3, Olympus) and saved as TIFF files. The ultrathin sections for pre-
embedding immunoperoxidase labeling were examined with a JEM-1230
electron microscope (JEOL) and the digital micrographs were captured
with a Gatan 832 CCD camera (Gatan). The digital images were manipu-
lated and modified (5-10% contrast enhancement) in Photoshop CS2 and
then saved as TIFF files. Single-labeled immunofluorescent images were
obtained with an epifluorescence microscope (BX-60, Olympus). The dou-
ble-labeled and triple-labeled immunofluorescent slices involved in the
immunofluorescence histochemical staining, electrophysiology, in situ
hybridization, and anatomic tracing by the recombinant RV-based and cell-
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The FG retrogradely labeled neurons from CeA to pPVT in the rats. A, The rostro-caudal extent of FG injection sites in the CeA (black) in consecutive coronal brain section. B1, B2,

Representative injection at the largest extent in the CeA and Nissl's staining of the adjacent section. €17, €2, The FG-labeled neurons in the pPVT in €7 and enlarged in €2. Scale bars =200 pm

(€T; applied in B1, B2) and 50 pum (€2). A—C are coming from the same rat.

type-specific retrograde transsynaptic tracing techniques were taken using a
confocal laser scanning microscope (CLSM; FV1000, Olympus). Digital
images were captured by FLUOVIEW software (FV10-ASW 1.7, Olympus),
and saved in an OIB format (image format in FLUOVIEW software), and
ultimately converted into TIFF files.

Statistical analysis

Two-way repeated measures ANOVA with a post hoc analysis of the
Bonferroni method was used to determine statistical significance in be-
havioral experiment outcomes including chemical lesions, chemogenetic
manipulation results and optogenetic findings. The quantitative analysis
of the NeuN-labeled neurons, TMR-labeled and TMR/VGLUT2 mRNA
double-labeled neurons and FG-positive and FG/FOS-positive neurons
in the pPVT were estimated by stereological methods (Coggeshall,
1992). The analysis was performed as described previously (Polgar et al.,
2004) by using a modification of the optical dissector method with the
aid of Stereo Investigator software (MicroBright-Field). A Xz test was
used to test the significant difference in the percentage of FG retro-
gradely labeled neurons that expressed FOS between sham and SNI ani-
mals. The electrophysiological data were expressed as means = SDs and
n refers to the number of recorded neurons. The cumulative probabil-
ities of the inter-event intervals and the amplitudes of the sSEPSCs were
compared using the Kolmogorov-Smirnov test. An independent two-
sample f test was used to analyze the differences between two groups (for
example, the difference in the rheobase current between the SNI and the
sham groups); p < 0.05 was considered significant. All statistical analy-
ses were performed with GraphPad Prism 7.04 software.

Results

Lesioning or the inhibition of pPVT neurons attenuated
SNI-induced mechanical allodynia

To examine the role of pPVT neurons in central nociceptive
processing and modulation, we injected KA into the pPVT to
lesion local neurons in the rats. One sample of the rostro-caudal
extent of the lesion sites and its representative pictures from the
same rat are shown in Figure 1A,B. The NeuN-labeled neurons
(red) were counted to display the lesion effect (Fig. 1B-G). The

corresponding quantitative analysis demonstrated that the num-
ber of NeuN-labeled neurons in the SNI + KA group was signifi-
cantly less than that in the SNI + saline group (f0) = 17.03,
p<<0.001, t test; Fig. 1H). Astrocyte proliferation was also
observed after KA lesions (Fig. 1FI,F2). In the current study, the
rats with SNI surgery showed long-lasting mechanical allodynia
starting on postoperative day (POD) four and peaking on
PODI10 (F35 = 5.123, p=0.0007, two-way ANOVA with
Bonferroni correction; Fig. 11). Lesioning pPV'T neurons resulted
in a small but significant reduction in SNI-induced behavioral
hypersensitivity from POD 7 to POD 10 (F3s5 = 2.576,
p=0.0358, two-way ANOVA with Bonferroni correction; Fig.
11) although the PWTs in the SNI+KA group were still signifi-
cantly lower than those of sham rats (F(s35) = 3.673, p=0.0062,
two-way ANOV A with Bonferroni correction; Fig. 11).

Next, we used DREADD:s to test whether selective inhibition
of pPVT neurons in the rats inhibited SNI-induced behavioral
responses (Fig. 2A). The AAV-hM4Di injection sites in the
pPVT were shown in Figure 2B,C. Notably, the administration of
CNO on day 10 after the SNI completely blocked mechanical
allodynia (hM4Di-CNO vs hM4Di-saline by post-saline/CNO:
F(1,10) = 58.54, p < 0.001; post-saline/CNO vs pre-saline/CNO in
the hM4Di-CNO group: F( 19y = 43.11, p < 0.001; hM4Di-CNO
vs mCherry-CNO by post-CNO: F(y 10y = 42.27, p < 0.001; SNI-
post CNO vs baseline-post-CNO in the hM4Di-CNO: F(; 10y =
2.704, p=0.0662, two-way ANOVA with Bonferroni correction;
Fig. 2D), further supporting that active pPVT neurons mediate
the development of neuropathic pain.

The pPVT-CeA projection neurons in the pPVT express
VGLUT2 mRNA

Previous reports show that the CeA has emerged as an important
brain center for pain modulation and has dense fibrous connections
with the PVT. To explore the downstream circuit-mediated pPVT-
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Figure 4.  Fluorescent photomicrographs demonstrate the distributions of the VGLUT1 and VGLUT2 mRNA-containing neurons and TMR/VGLUT2 mRNA double labeled neurons in the pPVT after TMR
was injected into the CeA. A7, A2, The distribution of VGLUT1 mRNA in the pPVT. A3, A4, The distribution of VGLUT2 mRNA in the pPVT. The white rectangular areas in A7, A3 are enlarged and displayed
in A2, A4, respectively. Scale bars = 200 pum (A3; applied in A7) and 100 m (44; applied in A2). 3v: the third ventricle; MHb: medial habenular nucleus. B1, The rostro-caudal extent of TMR injection
sites in the CeA (red) in consecutive coronal brain section. B2, B3, Representative TMR injection site in the CeA and Niss!'s staining of the adjacent section. Scale bar =200 pim (F2; applied in F1). €1, @,
The TMR-labeled neurons (red) in the pPVT. D1, D2, The VGLUT2 mRNA positive neurons (green) in the pPVT. E1, E2, The TMR/VGLUT2 mRNA double-labeled neurons (inset, white arrows, enlarged by
the white dotted square area in E2). 2—E2, Enlarged by the area in the white frame in E7. Scale bars = 50 pum (E7; applied in €7, D7), 20 um (E2; applied in €2, D2), and 10 pm (E2, inset). B—E are
coming from the same rat F, the percentage of TMR-labeled neurons that expressed VGLUT2 mRNA. G-I, The negative control of TMR/VGLUT2 mRNA double-labeled neurons in the pPVT. No TMR/
VGLUT2 mRNA double-labeled neurons are observed when the labeled sense probes instead of antisense probes was used. Scale bar =100 pum (/; applied in G, H).

involved descending nociceptive facilitation pathway, after FG was
microinjected into the right CeA of the rats (Fig. 34,B1,B2), neu-
rons retrogradely labeled with FG were observed in the ipsilateral
PVT, especially in the pPVT (Fig. 3C1,C2), providing morphologic
evidence of the pPVT-CeA neuronal circuit in the rats.

Additionally, we used FISH to identify whether CeA-projec-
ting pPVT neurons were glutamatergic. As shown in Figure
4A1-A4, we found that many neurons in the pPVT were positive
for VGLUT2 mRNA but not for VGLUT1 mRNA. Subsequently,
visualizing the TMR injected into the CeA (Fig. 4BI-B3), we
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Fluorescent photomicrographs demonstrate the distributions of the FG/FOS-labeled neurons in the pPVT after FG was injected into the CeA. A7, A2, The FG-labeled neurons (red)

in the pPVT in sham group. B1, B2, The FOS-labeled neurons (green) in the pPVT in sham group. €7, €2, The FG/FOS double-labeled neurons (white arrows in €2) in the pPVT. The white
square area in (T is enlarged and displayed in A2-C2. D1, D2, The FG-labeled neurons (red) in the pPVT in SNI group. E7, E2, The FOS-labeled neurons (green) in the pPVT in SNI group. F1,
F2, The FG/FOS double-labeled neurons (white arrows in F2) in the pPVT. The white square area in F1 is enlarged and displayed in D2—F2. Scale bars =100 pum (C1, F1; applied in A1, B1,
D1, ET) and 20 um (€2, F2; applied in A2, B2, D2, E2). G, The percentage of FG/FOS double-labeled neurons in the pPVT in sham and SNI groups. There is a significant difference (between
sham and SNI animals) in the percentage of FG retrogradely labeled neurons that express FOS; ***p << 0.001.

determined that ~98% of the TMR-labeled CeA-projecting neu-
rons (red) in the pPVT expressed VGLUT2 mRNA (green; Fig.
4C-F). No VGLUT2 mRNA-expressing cells were observed when
the sections were treated with labeled sense probes (Fig. 4G-I).

SNI increased the excitability of pPVT-CeA projection
neurons

We used FOS staining to examine neuronal responses to the
nerve injury in the pPVT in the rats (Fig. 5A-F) and found that

nearly 92.1% of the FG-labeled CeA-projecting pPVT neurons
(red) expressed FOS protein (green) in the SNI group and 28.6%
expressed FOS protein in the sham group (Fig. 5G). There was a
significant difference between sham and SNI groups in the per-
centage of FG retrogradely labeled neurons that express FOS
(x> = 31.104, p<0.001, x* test; Fig. 5G), indicating the more
activation of the pPVT-CeA neuronal pathway after SNI model.
Thus, we performed whole-cell patch-clamp recordings on
pPVT-CeA projection neurons in the rats. Biocytin was injected
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Figure 6.

The injection site of TMR in the CeA and recorded pPVT-CeA projecting neuron for electrophysiology. A1, A2, The injection site of TMR in the CeA and Nissl's staining of the adja-

cent slice. Scale bar =50 pm (A2; applied in A7). B1, B2, TMR retrogradely labeled neurons (red) in the pPVT at low and high magnifications. €7, €2, The recorded neuron, filled with biocytin
and visualized with FITC-conjugate avidin (green). D17, D2, Merged images showing that the biocytin-filled neuron is the TMR retrogradely labeled neuron. Scale bars =100 pum (D7; applied in

B1, €1), 20 um (D2; applied in B2, €2), and 10 pum (D2, inset).

into the recorded projecting neurons labeled with TMR (red) in
the pPVT to confirm that the recorded neurons (green) were
pPVT-CeA projection neurons (Fig. 6).

Compared with the sham group, both the amplitude and fre-
quency of sEPSCs were increased in the SNI group (Fig. 7A-C).
The sEPSC amplitude increased from -14.61 = 2.84 pA in the
sham group (n=10) to -19.33 = 6.36 pA in the SNI group (n=9;
p <0.01, Kolmogorov-Smirnov test; Fig. 7C, left). The sEPSC
frequency was also significantly increased from 3.75 * 2.08 Hz in
the sham group (n =10) to 5.7 = 3.66 Hz in the SNI group (n=9;
p < 0.01, Kolmogorov-Smirnov test; Fig. 7C, right).

To further investigate specific neuronal excitability, we
recorded TMR labeled CeA-projecting pPVT neurons. aCSF
with 10 um CNQX, 100 um AP-5, and 100 um picrotoxin was
used to eliminate the influence of excitatory and inhibitory trans-
mission. The rheobase current (the minimum current required
to elicit an action potential) was measured by using current-
clamp mode, and sample traces for the sham and SNI groups
were shown in Figure 7D. Compared with the sham group
(n=11), the rheobase current in the SNI group (n =10) was sig-
nificantly decreased from a mean of 23.6 = 5.9 to 16 = 3.9pA
(t7) = 3.426, p=0.003, ¢ test; Fig. 7E, left panel). Meanwhile, the
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Figure 7. The excitability of pPVT-CeA projecting neurons is increased in neuropathic pain rats. A, Sample

traces of SEPSCs of recorded pPVT-CeA projecting neurons in the sham and SNI groups. B, Cumulative distribu-
tions of the amplitudes (left) and inter-event intervals (right) of the SEPSC of the sham group (n =10, black
line) and the SNI group (n =29, red line). The mean cumulative distribution of the sSEPSC amplitude in the SNI
group is significantly shifted to higher amplitudes (**p <0.01), and the mean cumulative distribution of the
SEPSC interevent intervals in the SNI group is significantly shifted to shorter durations (**p <0.01). C, Graph
showing that the sEPSC amplitude and frequency are significantly increased in the SNI group (**p < 0.01). D,
Sample traces of minimal depolarizing current induced action potential in the sham group and the SNI group. E,
Graph showing that SNI decreases the rheobase current (**p <<0.01), and increases the mean RMP (*p << 0.05),
with no significantly change in the firing threshold and spike amplitude.

mean resting membrane potential (RMP) was increased from

—66.5* 8mV in the sham group to -59.4 = 4.3 mV in the SNI
group (f17) = —2.467, p=0.023, t test; Fig. 7E). However, there
were no significant changes in the firing threshold (—33 =+
4.8 mV in the SNI group vs —32.2 * 5.4mV in the sham group,
taz = 0225, p=0.825, t test; Fig. 7E) or spike amplitude
(—69 = 9.2mV in the SNI group vs —69.9 = 8.8 mV in the sham
group, tuz = 0913, p=0.373, ¢ test; Fig. 7E). These results

10D-F).
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indicated that the excitability of the pPVT-
CeA projecting neurons was increased in
neuropathic pain conditions.

Optogenetic activation of the pPVT-
CeA pathway induced mechanical
allodynia

We employed an optogenetic approach to
activate the pPVT-CeA pathway in the
rats and observed its effects on the me-
chanical nociceptive threshold (Fig.
8A). The mCherry-expressing axonal
terminals were observed in the CeA
(Fig. 8C3) after an intra-pPVT injec-
tion of AAV virus (Fig. 8B,C1,C2); the
optic fiber was placed just above the
CeA (Fig. 8C3,C4). Activation of the
pPVT-CeA pathway by blue light signif-
icantly decreased the PWTs in naive rats
(light on wvs light off in ChR2-mCherry
group: Fg10) = 6.996, p=0.0245, two-way
ANOVA with Bonferroni correction; Fig.
8D). The animals that received the virus
without ChR2 expression did not show any
differences while the light was on (ChR2-
mCherry vs mCherry in the light on
state: F(j,109p = 5.883, p=0.0357, two-way
ANOVA with Bonferroni correction; Fig.
8D). Therefore, in naive rats, specific activa-
tion of the pPVT-CeA pathway is sufficient
to evoke mechanical allodynia.

Morphologic evidence for the
involvement of the pPVT-CeA-vIPAG
pathway in pain modulation

To further study the downstream target of
the pPVT-CeA pathway, we investigated
the VIPAG based on its role as a key site
for the integration of descending nocicep-
tive signals and the connections with the
CeA to outline the pPVT-CeA-vIPAG
pathway by immunofluorescence and elec-
tron microscopy. After BDA was injected
into the CeA of the rats (Fig. 9A,B1,B2),
projecting BDA axonal fibers were
observed in the PAG, particularly in the
VIPAG (Fig. 9C1,C2).

Combining the anterograde tracer
BDA that was injected into the pPVT with
the retrograde tracer FG that was injected
into the VIPAG of the rats, the representa-
tive injection sites were shown in Figure
10A2,B2. The rostro-caudal extent of the
related images were displayed in Figure
10A1,B1. The neurons retrogradely labeled
with FG (green; Fig. 10C) mainly occupied

the medial part (CeM) of the CeA and were also observed in the
lateral (CeL) and capsular parts (CeC) of the CeA. The BDA-la-
beled fibers and terminals (red) were found sparsely in the CeA,
especially in the CeL and CeC, respectively (Fig. 10C). The high-
power images showed that BDA-labeled fibers and terminals
(red) contacted FG-labeled neurons (green) in the CeA (Fig.



7848 - ). Neurosci., October 7, 2020 - 40(41):7837-7854

A pPVT: AAV2/9-CaMKIlla-ChR2-mCherry

— 7R -{GlKilE) - CRRERG 7 RE oA TR —

AAV2/9-CaMKlla-mCherry

WPRE —jpolyA~ITR—

Virus injection

—ITR
Day 1

Day 35 Optic fiber

Day 42

Blue light

Figure 8.

Liang etal. e pPVT-CeA-vIPAG pathway in neuropathic pain

Bregma -3.00 mm

Bregma -3.12 mm

! Bl oo
| ANy
4 "F
1

Bregma -3.36 mm ¥

25+ 6 Il Light Off
> n= BN Light On
S +
S 201 | *
< [ ]
[%2]
g
< 15+
|_
=
® 10-
©
=
2 g
> 5
©
o

0_
mCherry ChR2-mCherry

Optogenetic activation of the pPVT-CeA pathway induces mechanical allodynia. A, The constructs as well as the sequences of the adeno-associated viruses (AAV2/9-CaMKIla-ChR2-

mCherry and AAV2/9-CaMKlla-mCherry) and the experimental procedures. B, The rostro-caudal extent of the virus injection sites in the right pPVT (red) in consecutive coronal brain section. C,
Representative images of virus injection sites in the right pPVT (the area in the white frame in €7 is magnified in €2) and virus labeled axonal fibers and terminals in the CeA (€3). The optic
fiber trace and its tip site are shown in €3 (white dotted outline) and (4 (black dotted outline). B, € are coming from the same rat. LA: lateral nucleus of amygdala; BLA: basolateral nucleus of
amygdala. Scale bars =200 pm (C4; applied in €7) and 100 um (€3; applied in €2). D, Light activation of the PVT-CeA pathway results in a significant decrease in the PWTs in naive rats
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Furthermore, electron microscopy confirmed the synaptic
connections between the BDA-labeled axon terminals and
FG-labeled neurons in the CeA (Fig. 10G,H). Specifically, BDA-
labeled axonal terminals made asymmetric synapses with FG-la-
beled dendrites in the CeA, suggesting that the axon terminals
from the pPVT might make excitatory synapses with the CeA
neurons projecting to the vVIPAG.

To investigate the role of the pPVT-CeA-vIPAG pathway in
the pain transmission process, we conducted FOS immunostain-
ing to observe neuronal activity in the CeA of the rats with SNL
We found FOS expression (red) in some CeA neurons that
received pPVT input (BDA-labeled axonal terminals, green) and
projected to the vVIPAG (FG-labeled neurons, blue; Fig. 11).

Glutamatergic neurons in the vVIPAG are downstream targets
of the pPVT-CeA pathway

Considering that the majority of the fibers projecting from the
pPVT to the CeA were glutamatergic and most of the CeA pro-
jection neurons were GABAergic inhibitory neurons (Lu et al.,

2015; Tovote et al, 2016), we hypothesized that the neurons
downstream of the pPVT-CeA pathway in the VIPAG produced
analgesia so that the pPVT-CeA-vIPAG pathway could play a
facilitating role in pain transmission. It has been shown in a pre-
vious study that glutamatergic neurons are important analgesic
neurons in the vVIPAG (Tovote et al., 2016). Next, the VGLUT2-
ires-Cre mice were used to evaluate whether these VIPAG
neurons receiving CeA input were excitatory. The specific proce-
dures and viruses are shown in Figure 124,B. The Cre-depend-
ent AAV2/9-EYFP anterograde virus was injected into the pPVT
(Fig. 12CI), and the anterogradely labeled axonal terminals
(green) from the pPVT were obviously distributed in the CeA
and BLA (Fig. 12D1-D3). In addition, after an injection of Cre-
dependent AAV2/9-TVA RVG and Rabies-EnvA-AG into the
VIPAG of the VGLUT2-ires-Cre mice (Fig. 12C2), we found that
retrograde transsynaptic labeled neurons (red) were observed
in the CeA, especially in the CeM, which indicated that projec-
tion fibers from CeA neurons contacted glutamatergic neurons
in the vIPAG (Fig. 12E1-E3). Importantly, we further observed
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Figure 9.

that the virus-labeled glutamatergic axonal terminals from
the pPVT closely contacted the Rabies-labeled CeA neurons
(Fig. 12F1-F3).

Discussion

The present study defined a pPVT-CeA-vIPAG neural path-
way through which descending nociceptive facilitation was
generated. It was demonstrated that the inactivation of
pPVT neurons attenuated SNI-induced neuropathic pain.
In contrast, pPVT-CeA projecting neurons were activated,
and their excitability increased in SNI rats. Optogenetic
activation of the pPVT projection fibers in the CeA pro-
duced mechanical hypersensitivity in naive rats. In addition, we
established a pPVT ™" -CeA-vIPAG™" descending nociceptive
pathway, which showed that CeA neurons received glutamatergic
pPVT projections and sent projections to the glutamatergic neurons
in the VIPAG to contribute to neuropathic pain signaling.

The PVT is now notable not only for its extensive brain con-
nectivity (Chen and Su, 1990; Bubser and Deutch, 1998) but also
for its involvement in stress (Bhatnagar et al., 2002), anxiety-like
responses (Li et al., 2010), fear (Li et al., 2014; Penzo et al., 2015),
etc. Recently, the function of the PVT in nociception transmis-
sion and modulation was disclosed in visceral pain (Jurik et al.,
2015) and chronic musculoskeletal pain (Chen et al, 2010).
However, the underlying neuronal circuit and specific mecha-
nism are rarely reported. The PVT receives projections from
some nuclei located in the brainstem, such as the lateral subnu-
cleus of the parabrachial nucleus (PBN; Krout and Loewy, 2000b;
Liang et al.,, 2016) and PAG (Krout and Loewy, 2000a). The PBN
is considered an important relay point for nociceptive

The results of anterograde nerve tract tracing by BDA from CeA to vIPAG in the rats. A, The rostro-caudal extent of BDA injection sites in the CeA (red) in consecutive coronal brain
section. B, B2, The BDA injection site in the CeA and NissI's staining of the adjacent section. €1, €2, The BDA labeled axonal terminals (black arrows) in the VIPAG. The black square area in
(1 is enlarged and displayed in €2. A-C are coming from the same rat. dm: dorsomedial subregion of the PAG; dI: dorsolateral subregion of the PAG; I: lateral subregion of the PAG; vl: ventro-
|ateral subregion of the PAG; DR: dorsal raphe nucleus. Scale bars = 200 pum (C7; applied in B, B2) and 50 um (C2).

information being sent to the forebrain (Fulwiler and Saper,
1984) . The brain stem inputs to the PVT suggest that it has a
role in pain transmission and regulation. In the present study,
we found that lesion or inhibition of the pPVT neurons can
effectively alleviate mechanical allodynia in SNI rats, which indi-
cates that the pPVT participates in the transmission or regulation of
pain signals and causes an increase in pain behaviors. It was shown
that inhibiting the activities of pPVT neurons by DREADDs
reversed the PWTs of SNI rats to baseline but lesioning pPVT neu-
rons with KA did not completely relieve the mechanical allodynia
induced by SNI. To exclude the effect of CNO metabolites on the
central nervous system, a control virus was included in the experi-
ment. However, CNO administration in the SNI-mCherry group
did not affect the mechanical allodynia. It is known that KA can
nonspecifically damage all neurons in the injected area. However,
the virus with the CaMKIIa promotor can specifically silence excita-
tory neurons. The different effects of the two methods may be
attributed to the different phenotypes of influenced neurons.
Moreover, we observed glial proliferation in the pPVT after KA
lesion, which may also be responsible for the different effects on
sensory thresholds. The MDs participate in the descending facilita-
tion of mechanical hyperalgesia and the VMs are specifically
involved in the descending inhibition of heat hyperalgesia.
Therefore, the MD and VM nuclei have been verified to function as
novel nociceptive discriminators to form two distinct endogenous
systems in the control of mechanically evoked and heat-evoked
noxious responses (You et al,, 2013). Although we did not analyze
the function of the pPVT in thermal allodynia, our results show
that inhibiting pPVT neurons could reduce mechanical allodynia
and that the pPVT could function to activate the endogenous de-
scending facilitation system.
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Figure 10.  Neuronal connectivity on the pPVT-CeA-vIPAG pathway. A7, The rostro-caudal extent of BDA injection sites in the pPVT (black) in consecutive coronal brain sec-
tion. BT, The rostro-caudal extent of FG injection sites in the vIPAG (black) in consecutive coronal brain section. A2, Representative photomicrograph showing the injection
site of BDA into the right pPVT (black). 3v: the third ventricle. B2, Representative photomicrograph showing the injection site of FG into the right vIPAG (bright color). Aq:
aqueduct. Scale bar =200 um (A2, B2). (1, €2, The distribution of BDA-labeled axon terminals (red) and FG-labeled neurons (green) in the CeA. CeC: capsular part of the
CeA; Cel: lateral part of the CeA; CeM: the medial part of the CeA. Scale bars =100 um (C7) and 50 um (€2). D1, D2, The FG-labeled neurons in the CeA after tracer was
injected into the vIPAG. ET, E2, The BDA-labeled fibers and axonal terminals in the CeA projected from the pPVT. F1, F2, The connections between BDA-labeled axonal termi-
nals and FG-labeled neurons (white arrows in F2). The white square area in F1 is enlarged and displayed in D2—F2. Scale bars =20 um (F7; applied in D1, ET) and 10 um
(F2; applied in D2, E2). A-F are coming from the same rat. G, H, The asymmetric synapses (black arrowheads) are formed by BDA anterogradely labeled axonal terminals
(Ax-BDA) and FG-labeled postsynaptic dendrites (Den-FG). Scale bar =250 nm (G, H).
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Figure 11.

Activation of the pPVT-CeA-vIPAG neural pathway indicated by FOS staining in the CeA. A7, A2, The BDA-labeled axonal terminals (green) observed in the CeA coming from the

pPVT. B1, B2, The FG-labeled neuronal somata and processes (blue) in the CeA retrogradely labeled from the VIPAG. €1, €2, The FOS-labeled NeuNs (red). D17, D2, The FG/FOS double-labeled
neurons surrounded by BDA-labeled fibers (white arrows in D2). The white square area in D17 is enlarged and displayed in A2-D2. A2-D2 show a projection of four optical sections and the
total distance in the z-axis is 4.5 um. Scale bars =20 um (D7; applied in A7-C7) and 10 pum (D2; applied in A2-C2).

Previous studies have shown detailed depiction of the brain
regions innervated by PVT, which include the nucleus accum-
bens (NAc), BNST, and CeA (Moga et al., 1995; Li and Kirouac,
2008; Vertes and Hoover, 2008; Kirouac, 2015). Qur anatomic
results showed that the pPVT had dense connections with the
CeL, which bore a high resemblance to that in previous neuroa-
natomical reports (Dong et al.,, 2017). Two retrograde tracers, i.
e., FG and TMR, were used in our study to trace the pPVT-CeA
pathway. Compared with TMR, FG has a better tracking effect,
and FG-labeled neurons are more clearly defined. Therefore, we
used FG as a tracer to observe the distribution of retrogradely la-
beled neurons in the pPVT after CeA injection. However, FG is
sensitive to temperature changes, and the expression of FG
decreases when the hybridization temperature is 50-60°C.
Therefore, TMR was used for the FISH study. In addition, con-
sidering that FG’s toxicity may affects the survival and activity of
neurons during electrophysiological recording (Garrett et al.,
1991), we also chose TMR as the retrograde tracer in this study
(Carr et al., 1994).

The CeA receives nociceptive information from the PBN
(Neugebauer and Li, 2003) and shows responses to noxious stim-
uli. Inhibiting amygdala activity with lesions or pharmacologic
interventions decreases pain-related behaviors in different pain
models (Pedersen et al., 2007; Fu and Neugebauer, 2008; Ren et
al., 2013). In contrast, increasing amygdala activity can increase
pain in normal rats (Han et al, 2010; Kolber et al, 2010).
Previous reports have shown that long-term facilitation is only
observed in the right amygdala in acute and inflammatory pain
models (Carrasquillo and Gereau, 2007; Ji and Neugebauer,
2009). Neuropathic pain can cause sustained discharge enhance-
ment in the right amygdala, but there is only transient activity
enhancement in the left amygdala (Gongalves and Dickenson,
2012). The mechanism involved in this left-right difference is not
clear. The nociceptive information the SDH can be transmitted
to the contralateral CeA through the PBN (Todd, 2010).

Therefore, in this study, the SNI operation was operated on the
left side, and stereotactic injections and electrophysiology
recordings in the CeA were performed on the right side.

In the present study, FOS staining showed that pPVT-CeA
projection neurons were activated after SNIL. In addition, an in
vitro electrophysiology study also showed that the excitability of
pPVT-CeA projection neurons was increased in neuropathic ani-
mals. Behaviorally, optogenetic activation of the pPVT projec-
tion fibers in the CeA induced hypersensitivity in naive rats. It
has been reported that PVT neurons are mainly excitatory gluta-
matergic neurons (Hur and Zaborszky, 2005; Kirouac, 2015). In
our study, we confirmed that the excitatory glutamatergic neu-
rons in the pPVT that projected to the CeA were positive for
VGLUT2 mRNA. It is well proven that the CeA contains me-
dium-size spiny, GABAergic inhibitory neurons (McDonald,
1982; Cassell et al., 1986; Swanson and Petrovich, 1998; Fang et
al.,, 2018). Collectively, our data suggest that the pPVT excitatory
glutamatergic neurons send projections to the CeA GABAergic
neurons and that the PVT-CeA pathway is involved in descend-
ing regulation of nociception.

The PAG plays a vital role in upstream and downstream noci-
ceptive integration and transmission (Millan, 2002; Frangois et
al.,, 2017). The vIPAG is regarded as the most effective portion
that mediates stimulation and stress-induced analgesia (Millan,
2002) and is a key downstream target of CeA neurons (Tershner
and Helmstetter, 2000). Dense connections between the CeA
and vIPAG were also observed in this study. Therefore, we con-
firmed the pPVT-CeA-vIPAG pathway by neural pathway trac-
ing combined with electron microscopy. The CeA neurons in the
pPVT-CeA-vIPAG pathway were activated by SNI, which indi-
cated that the pPVT might trigger the endogenous descending
facilitation of nociception through connectivity with CeA-vIPAG
projection neurons. Subsequently, we traced the pPVT*-
CeA-vIPAGS®™ ™" pathway between the CeA projection neurons
and the glutamatergic neurons of the vVIPAG, which showed that
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Figure 12.  Fluorescent photomicrographs observation of the pPVT-CeA-vIPAG pathway. A, B, Schematic diagrams of the experimental procedure, the constructs and sequences of the adeno-
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the CeA (green). ET-E3, The dsred-labeled presynaptic projection neurons in the CeA. F1-F3, The connections (white arrows in F3) between the pPVT projecting glutamatergic terminals and
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the VGLUT2" vIPAG neurons were the target of the pPVT-CeA
pathway. Glutamatergic vIPAG neurons with a marked analgesic
effect have been verified (Tovote et al., 2016). Our results con-
cluded that VGLUT2 glutamatergic neurons in the pPVT and
VIPAG in the pPVT-CeA-vIPAG pathway play an important role
in nociceptive descending facilitation. In the present study, rats
were the main research subject. However, the VGLUT2-ires-Cre
transgenic mice were used to identify the types of pPVT and
vIPAG neurons on the pPVT-CeA-vIPAG pathway. The existen-
ces of the pPVT-CeA and CeA-vIPAG pathways have been
reported in these two species (Rizvi et al., 1991; Li and Kirouac,
2008; Do-Monte et al., 2015). Moreover, based on our neuronal
tract tracing results of Figures 10 (rats) and 12 (mice), the similar
fiber connections on the pPVT-CeA-vIPAG pathway are found
in the brains of rats and mice.

Recently, the PVT has received more attention about its
involvement in fear, feeding, and controlling wakefulness. The
present study further highlights the pPVT as a key nucleus that
mediates nociceptive information modulation and the circuit
from pPVT to CeA to PAG decreases descending inhibition of
pain. Inactivation of this circuit might be a direct and useful ther-
apeutic method to alleviate chronic pain. However, further stud-
ies are necessary to elucidate the different roles and interactions
of distinct types of neurons in this pathway involved in pain
modulation.
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