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A paraventricular hypothalamic nucleus input to
ventral of lateral septal nucleus controls chronic

visceral pain
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Abstract \
Irritable bowel syndrome is a functional gastrointestinal disorder characterized by chronic visceral pain with complex etiology and

difficult treatment. Accumulated evidence has confirmed that the sensitization of the central nervous system plays an important role
in the development of visceral pain, whereas the exact mechanisms of action of the neural pathways remain largely unknown. In this
study, a distinct neural circuit was identified from the paraventricular hypothalamic (PVH) to the ventral of lateral septal (LSV) region.
This circuit was responsible for regulating visceral pain. In particular, the data indicated that the PVH CaMKIla-positive neurons
inputs to the LSV CaMKlla-positive neurons were only activated by colorectal distention rather than somatic stimulations. The PVH-
LSV CaMKlla™ projection pathway was further confirmed by experiments containing a viral tracer. Optogenetic inhibition of PVH
CaMKlla™ inputs to LSV CaMKlla-positive neurons suppressed visceral pain, whereas selective activation of the PVH-LSV
CaMKlla™ projection evoked visceral pain. These findings suggest the critical role of the PVH-LSV CaMKlla™ circuit in regulating

visceral pain.
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1. Introduction

Irritable bowel syndrome (IBS) is a functional gastrointestinal
disease characterized by abdominal pain and changes in bowel
habits, with a high incidence in the population.®®® Accumulating
evidence has shown that subjects with IBS are more likely to
undergo trauma and psychological stress, notably, early life
stress compared with healthy subjects.’'* Early life stress may
contribute to long-term changes in brain function and visceral
sensitivity to stimuli.® Neonatal maternal deprivation (NMD) is a
typical early life stress that has been shown to induce visceral pain
behavior. 827 At present, most research studies on visceral pain
have focused on the investigation of the molecular events
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underlying the peripheral nervous system and the spinal
cord.2>*"47 However, the studies that have focused on the brain
are very limited, and the role of the brain in regulating visceral pain
remains largely unclear. The NMD-induced visceral pain may be
better explained from the perspective of the brain circuit.

The lateral septal (LS) is generally divided into LS dorsal, LS
intermediate, and LS ventral parts. The lateral septum is known to
be critical for processing emotional information and for regulating
behavioral responses to stress.'®®* Increasing evidence sug-
gests that LS plays an important role in fear,* cognition,??
addiction,'® reward,?° and other neurological disorders, whereas
the role of visceral pain is not clear. Previous studies have shown
that the noxious stimulation of the viscera leads to visceral pain
and enhances the regional cerebral blood flow of LS in rats,'”
suggesting that LS may have a potential regulatory role in visceral
hyperalgesia. In addition, previous studies have shown that LSV
receives projections from the paraventricular hypothalamic (PVH)
region and regulates feeding and hypersomnia behaviors.?**?
Studies have shown that the occurrence of IBS may be related to
the functional changes of the hypothalamic—pituitary—adrenal
(HPA) axis,'® and the increase in visceral sensitivity is the main
feature of IBS, which can cause the functional changes of the
HPA axis.®! As part of the HPA axis, the PVH plays a crucial role in
coordinating behavioral, neuroendocrine, and autonomic re-
sponses to stress in response to a variety of physiological and
psychological stressors, including pain behaviors.?® Although
PVH has been reported to play an important role in the regulation
of somatic pain,?® its role in visceral pain has not been fully
clarified. In addition, certain studies have shown a direct
structural link between colons and PVH,?* suggesting that the
regulation of the activity of PVH neurons can change the
progression of colorectal cancer®® and that PVH may be a
potential intervention target for the treatment of IBS.
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In this study, we showed that activities of CaMKlla-positive
neurons in the LSV region in response to visceral pain were greatly
elevated after NMD. Moreover, our analysis demonstrated that the
regulation of LSV CaMKlla-positive neurons could alter visceral
pain behaviors. It isimportant that we showed that the effect of LSV
was mediated by the PVH-LSV pathway. This study identified a
functionally distinct neural circuit acting from the PVH to the LSV,
which was responsible for mediating visceral pain in mice. This
finding is expected to provide a novel therapeutic strategy for the
clinical treatment of visceral pain in patients with IBS.

2. Materials and methods
2.1. Animals

Male wild-type (C57BL/6) mice aged 6 to 12 weeks were housed
at a constant temperature of 24 = 2°C, in the presence of 40 to
60% relative humidity. The animals were maintained at a 12-hour
light/dark cycle in a clean-level animal facility at the Experimental
Animal Center of Soochow University. All mice were obtained
from the Experimental Animal Center of Soochow University and
had free access to food and water. All experimental procedures
were approved by the Animal Care Committee of the Soochow
University and adhered to the guidelines of the International
Association for the Study of Pain.

2.2. Induction of chronic visceral pain

Chronic visceral pain was induced by neonatal maternal
deprivation (NMD), as previously described.8?” In brief, from
day 2 to day 15 after birth, the newborn C57BL/6 male mouse
pups of the NMD group were placed in a separate box with an
electric blanket for 3 hours. After the separation period, the pups
were placed back in their dams. The control pups and their dam
were placed in the same cage without handling. On the 21st day
after birth, the pups were weaned and separated from their dams.
The experiments were initiated at 6 weeks of age.

2.3. Abdominal electrode implantation and
electromyography recordings

To record abdominal electromyography (EMG) activities, the
abdominal electrode implantation was performed, as previously
described.?"*® Briefly, the mice were deeply anesthetized with
isoflurane. The sterilized 2 nickel-chrome electrodes were
implanted into the abdominal external oblique muscles, using
aseptic techniques, and the incision was closed with a 4-0 silk
suture. At 5 to 7 days after the surgery, colorectal distention was
used to evaluate visceral pain by EMG recording.

2.4. Visceral pain tests

Visceral hypersensitivity was determined by colorectal distention
(CRD) and EMG, as previously described.***° In brief, the mice
were lightly anesthetized with isoflurane and a homemade flexible
polypropylene balloon (2 cm) was inserted into the colorectum 3
cm from the mouse anus. The balloon was made by attaching the
fingers of a surgical glove to an infusion hose. The pressure-
sensitive tape was used to attach the infusion hose at the end of
the balloon firmly to the mouse’s tail to prevent it from slipping or
falling off. The mice were allowed to acclimate in a separate clear
box for 30 to 60 minutes before colorectal distention. The latter
was progressively increased in 20 mm Hg steps, starting from 20
to 80 mm Hg. Each step lasted 20 seconds with 2 to 3 minutes of
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nondistension periods in between. During the distension periods,
the EMG activities were recorded under different pressure
conditions. A Biopac electromyogram (EMG)-150C amplifier
(Biopac Systems, Inc, Goleta, CA) continuously recorded the
EMG, and its traces were analyzed via Acknowledge (Biopac
Systems, Inc). The response to visceral pain was defined as an
increase in EMG activity above baseline during the 20-second
visceral pain period. The data were reported as the area under the
curve (AUC) of the integrated EMG following baseline subtraction.
All behavioral tests were performed in a blinded manner.

2.5. c-fos experiments

To minimize stress caused by environmental stimuli, the mice were
placed in the test environment for at least 3 days before performing
the behavioral tests. All behavioral experiments were conducted at
the same temperature and humidity conditions. For habituation,
each mouse was placed in a separate clear box and allowed to
acclimate for 1 hour. After animal adaptation, CRD or von Frey
stimuli were applied. For the CRD-induced c-fos test, the force of
the CRD stimuli required to induce nocifensive behaviors (eg,
abdomen withdrawal) was 60 mm Hg. To avoid colorectal tissue
damage, the CRD stimuli were applied every 3 minutes over a 15-
minute test period. Therefore, 5 trials of repeated CRD stimuli were
applied to the animal. The procedures for the von Frey—induced c-
fos test were the same, as previously described.®® In brief, the force
of the von Frey fiber to induce nocifensive behaviors (eg, paw
withdrawal) was 1.0 g. To avoid tissue damage caused by von Frey
fiber stimuli, the von Frey filaments were applied every 3 minutes
over a 1.5-hour test period. After 1.5-hour CRD or von Frey fiber
stimulation, the mice were deeply anesthetized, and cardiac
perfusion was performed. The mice were transcardially perfused
with 0.9% normal saline and 4% paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.2-7.4), and the brain was removed and
postfixed for 2 hours. The brains of the mice were sliced into 30-pm
sections using a freezing microtome (Leica, CM3050 S, Germany).
The sections were stored at —20°C in cryoprotectant solution for
immunofluorescence staining experiments.

2.6. Immunofluorescence staining

Immunofluorescent staining was performed by washing the brain
sections with PBS 3 times (10 minutes each time) and incubating
them with blocking buffer containing 7% normal donkey serum,
0.3% Triton X-100, and 0.05% sodium azide at room temperature
for 1 hour. The sections were subsequently incubated with
primary antibodies diluted in blocking buffer overnight at 4°C.
After incubation, the brain sections were rinsed 3 times (10
minutes each time) with PBS and incubated with a fluorescent
dye-conjugated secondary antibody for 1 hour at room
temperature. After 3 washes (10 minutes each time) with PBS,
the brain sections were incubated with DAPI. The primary
antibodies used were the following: anti-c-fos (1:200, Rabbit,
Cell Signaling Technology, Danvers, MA), anti-c-fos (1:500,
Mouse, Santa Cruz Biotechnology), anti-CaMKlla (1:200, Mouse,
Cell Signaling Technology, Danvers, MA), anti-GABA (1:500,
Rabbit, Sigma-Aldrich), and anti-NeuN (1:100, Rabbit, Cell
Signaling Technology, Danvers, MA). The secondary antibody
included antirabbit Alexa Fluor 488 (1:500, Invitrogen) or
antimouse Alexa Fluor 555 (1:500, Invitrogen).

2.7. Stereotaxic injection and optical fiber implantation

During surgery and viral injection, the mice were deeply
anesthetized with isoflurane and placed in a stereotaxic
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apparatus (RWD, 71,000-M, Shenzhen, China). The skin was
disinfected with iodophor solution and carefully removed using
sterile surgical instruments. The skull above the target area was
slowly and subtly removed with a dental drill. A 10-pL syringe
(Gaoge, Shanghai, China) connected to a glass micropipette with
a 15-pm-diameter tip was used to perform the injections. Syringe
pumps (Longer Pump, TJ-2A, Baoding, China) were used to
inject the viruses for volume and speed control. At each location,
200 nL of the virus was injected at a rate of 30 nL/minute. At each
injection site, the needle was left in place for 10 to 15 minutes after
the completion of the injection to allow the viral spread, and
subsequently, it was slowly withdrawn. Because unilateral
injection of the virus can change pain behavior fully®**3” and
bilateral injections might cause more damage to the brain tissue
than unilateral injection, the unilateral injection (right hemisphere)
was performed in this study.

For fiber photometry, 200 nL AAV2/9-hSyn-GCaMP6f (from
Gene Biotechnology, Shanghai, China, titer: 3.42 x 10'2 genome
copies/mL), AAV2/9-CaMKlla-GCaMP6f (from Taitool Biosci-
ence, Shanghai, China, titer: 3.6 X 10'2 genome copies/mL),
AAV2/9-VGAT1-GCaMP6m (from BrainVTA Wuhan, China, titer:
3.14 X 10'® genome copies/mL), AAV2/9-hSyn-EGFP (from
BrainVTA, Wuhan, China, titer: 5.12 X 10'? genome copies/mL),
and AAV2/9-CaMKlla-EYFP (from BrainVTA, Wuhan, China, titer:
5.33 X 10'? genome copies/mL) were unilaterally injected into
the LSV (AP, 0.74 mm; ML, = 0.6 mm; DV, 3.75 mm) or PVH (AP,
—0.6 mm; ML, = 0.2 mm; DV, 4.75 mm).

For local selective optical activation or inhibition of LSV or PVH
CaMKlla™ neurons, LSV or PVH were unilaterally injected with
AAV2/9-CaMKlla-hChR2-EYFP (from Gene Biotechnology,
Shanghai, China, titer: 5.2 X 10'?genome copies/mL), AAV2/9-
CaMKlla-eNpHRS.0-EYFP (from Gene Biotechnology, Shang-
hai, China, titer: 6.27 X 10'? genome copies/mL), or AAV2/9-
CaMKlla-EYFP (from BrainVTA, Wuhan, China, titer: 5.33 x 102
genome copies/mL).

Selective optical activation or inhibition of PVH CaMKlla™
neuron-projecting LSV axon terminal and chemogenetic manipu-
lation of CaMKlla™ neuronal activity of the LSV region were
performed using a dual-virus strategy. AAV2/9-CaMKlla-hChR2-
EYFP (from Gene Biotechnology, Shanghai, China, titer: 5.2 X
10'2genome copies/mL) or AAV2/9-CaMKilla-eNpHR3.0-EYFP
(from Gene Biotechnology, Shanghai, China, titer: 6.27 X 10'?
genome copies/mL) was unilaterally injected into PVH. Concom-
itantly, AAV2/9-CaMKlla-hM4Di-mCherry (from BrainVTA, Wuhan,
China, titer: 2.44 x 10'? genome copies/mL) or AAV2/9-CaMKlla-
hM3Dg-mCherry (from BrainVTA, Wuhan, China, titer: 5.40 x 10'2
genome copies/mL) was unilaterally injected into LSV.

For retrograde tracing, the AAV2/R-hSyn-EGFP (from
BrainVTA, Wuhan, China, titer: 5.56x 10'2 genome copies/mL)
was unilaterally injected into the LSV region. For anterograde
tracing, the AAV2/9-hSyn-EGFP (from BrainVTA, Wuhan, China,
titer: 5.12x 10" genome copies/mL) was unilaterally injected
into the LSV region. For monosynaptic anterograde tracing, the
AAV2/1-CaMKlla-Cre (from BrainVTA, Wuhan, China, titer: 1.05
x 108 genome copies/mL) was injected into the PVH region, and
the AAV2/9-EF1a-DIO-EYFP (from BrainVTA, Wuhan, China,
titer: 5.24 X 10'? genome copies/mL) was unilaterally injected
into the LSV region.

The local fiber photometry and optical activation or inhibition
were performed in awake behaving mice at 2 to 3 weeks after viral
injection as follows: the optical fibers (200 wm O.D., 0.37 NA,
Thinker Tech Nanjing Bioscience, Nanjing, China) were unilater-
ally implanted into the LSV or PVH regions (100-200 wm above
the viral injection coordinates). To allow for optogenetic
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manipulation of the PVH-LSV circuit axon terminals, the optical
fibers were implanted 100 to 200 wm above the LSV viral injection
coordinates. All fibers were attached to the skull with bone screws
and dental cement. The mice were allowed to recover for at least
1 week after implantation and were habituated for 30 to 60
minutes after connection to a laser source. Subsequently, the
behavioral tests were performed. The lasers were applied at the
wavelengths of 473 nm (blue) or 589 nm (yellow) and controlled
with an optogenetic system (Alpha Omega Engineering, Naza-
reth, Israel) at 5 mW for yellow illumination (589 nm, continuous
mode) and at 3 mW for blue illumination (473 nm, 20 Hz, 5 ms
pulse width) in eNpHR3.0, hChR2. The tests were performed in
EYFP-expressing mice.%®

For the behavioral experiments, the mice were allowed to
recover 1 week after fiber implantation. They were handled and
habituated to the environment of the behavioral tests for 3 days. In
all the experiments performed, the mice with incorrect injection
sites were excluded from further data analysis.

2.8. Fiber photometry system

To evaluate the neuronal activity of the LSV and PVH neurons, AAV2/9-
hSyn-GCaMP6&f, AAV2/9-hSyn-EGFP, AAV2/9-CaMKlla-GCaMP6f,
AAV2/9-VGAT1-GCaMPBm, or AAV2/9-CaMKlla-EYFP was injected
into the LSV and PVH regions of the C57BL/6 mice. After 2 to 3 weeks,
an optical fiber (200 wm OD, 0.37 NA) was implanted into the LSV or
PVH region, and the mice were allowed to recover for 1 week before
recording. The mice were handled and habituated to the environment
of the behavioral tests for 3 days. The fiber photometry system
(ThinkerTech Nanjing Bioscience Inc.) has been previously de-
scribed.?2® In brief, a 488-nm laser beam was reflected off a dichroic
mirror, focused with a 10x objective lens, and coupled to an optical
commutator to record the calcium signals. The commutator and
implanted fiber were connected by a 2-m optical fiber (200 wm O.D.,
0.37 NA). The laser power was adjusted at the tip of the optical fiber to
10 to 20 pW to decrease laser bleaching, and the analog voltage
signals were digitalized at 100 Hz and recorded by the fiber photometry
system. The recording of the responses of GCaMP to the stimuli in
awake mice was performed using fluorescence values obtained before
the stimuli and during the assessment by CRD, von Frey, pinch, and
brush (-2-0 s). They were also obtained after the stimuli (0-10 s). For the
von Frey used for the photometry experiments, the force of the von Frey
fiber to induce nocifensive behavior (eg, paw withdrawal) was 1.0 g,
and 9 trials of repeated von Frey stimuli were applied to the mouse
during calcium signal recording. For the pinch used in the photometry
experiments, an alligator clip was applied to the tail to induce noxious
pain behavior (eg, tail withdrawal), and 9 trials of repeated tail pinch
stimuli were applied to the mouse during calcium signal recording. For
the brush used in the photometry experiments, a soft brush gently
stroked the mouse’s tail to produce a noninvasive behavior, and 9 trials
of repeated tail brush stimuli were applied to the mouse during calcium
signal recording. The data were segmented based on the behavioral
events within the individual trials. AF/F of the 2-s before stimulation was
obtained as the baseline. The photometry data were analyzed with
custom-written MATLAB codes (MATLAB R2017b, MathWorks).

2.9. Data analyses

All data are presented as mean = SEM. The error bars in the
figures indicate SEM. Statistical analysis was performed using
GraphPad Prism 8 and Origin 8 with appropriate inferential
methods. Normality was initially assessed for all data before
analysis. Significance was determined using the Mann-Whitney
test, the two-sample t test, and the one-way analysis of variance
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(ANOVA,) followed by the Tukey test for multiple comparisons. A
two-way ANOVA was also used and was followed by Bonferroni
test for multiple comparisons. P < 0.05 was considered to
indicate statistically significant differences.

3. Results

3.1. c-fos expression in the lateral septal ventral region is
significantly increased by colorectal distention stimulation
but not by von Frey fiber stimulation of the hindpaw of
neonatal maternal deprivation mice

The pups following NMD were subjected to CRD combined with
EMG. The records confirmed that visceral pain was successfully
induced in adult animals (6 weeks). The schematic diagram of CRD
combined with EMG recording is shown in Figure 1A. Figure 1B
indicates the representative EMG traces of CON and NMD mice at a
CRD pressure of 20, 40, 60, and 80 mm Hg, respectively. The area
under the curve (AUC) of the EMG in NMD mice did not change at
20 mm Hg compared with that of the CON mice, whereas it was
significantly increased at 40, 60, and 80 mm Hg, respectively. (Fig.
1C, P < 0.01, *™P < 0.001, two-way repeated-measure ANOVA
followed by Bonferroni post hoc test). To evaluate the effects of
visceral pain on the brain, CRD stimulation was performed. The
steps of CRD stimulation are shown in Figure 1D. As indicated, the
c-fos expression increased sharply after repeated CRD stimuli and
especially in LSV. In addition, it was also found that the c-fos
expression of LSV in NMD mice was increased more obviously than
that of CON mice (Figs. 1E and F, **P < 0.001, one-way ANOVA
followed by Tukey post hoc).

To further assess the specificity of LSV in visceral hyperalgesia,
the von Frey-induced c-fos test was performed, and the
procedure is shown in Figure 1G. After repeated von Frey
filament stimulation, a negligible amount of c-fos expression was
noted in the LSV region of CON and NMD mice, whereas no
significant difference was noted between the CON and NMD
groups (Figs. 1TH and |, *P < 0.05, one-way ANOVA followed by
Tukey post hoc). This suggested that noxious somatic stimulation
may slightly but not specifically activate LSV. It is noteworthy that
c-fos expression of LSV was dramatically increased by CRD
stimulation compared with that noted after von Frey filament
stimulation. These data suggest that LSV was primarily activated
by visceral rather than somatic nociceptive stimulation.

3.2. Visceral rather than somatic stimulation significantly
enhances calcium activity of lateral septal ventral neurons

To quantify the physiological activity of LSV neurons during
visceral and somatic stimulation, fiber photometry was used to
record the in vivo physiological calcium signal changes from
these neurons in awake behaving mice (Fig. 2A, top). Wild-
type mice were stereotactically injected with AAV2/9-hSyn-
GCaMP6f. The injection was performed into their LSV neurons
(Fig. 2A, bottom). The area covered by transduced cells was
0.25 to 0.30 mm?. GCaMP6f recording of LSV neurons during
CRD, pinch, brush, and von Frey fibers indicated sharp or
slightly dynamic fluctuations. However, these dynamics were
absent and unaffected by movement and laser lighting
originating from the neuronal expression of GFP, indicating
that they were calcium-dependent GCaMP6f signals (Fig.
S1A-S1D, available at http://links.lww.com/PAIN/B695). A
harmful CRD stimulation caused visceral pain and induced a
sharp increase in Ca®" activity in the LSV region of both CON
and NMD mice. However, the Ca®* activity of NMD mice was
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significantly higher than that of CON mice (Figs. 2B-E,"P <
0.05, *P < 0.001, two-way repeated-measure ANOVA
followed by Bonferroni post hoc test).

To further assess the specificity of the LSV neuronal response
to visceral stimulation, somatic stimulation was performed (Fig.
2F). The results indicated that pinch, brush, and von Frey fibers
did not cause significant fluctuation of Ca®* signals in LSV
neurons (Figs. 2G-J), suggesting that LSV neurons were
insensitive to somatic stimulation. These results suggest that
LSV is mainly activated by CRD-evoked visceral pain rather than
somatic stimulation, which is consistent with our previous results
of c-fos expression.

3.3. Visceral pain mainly activates lateral septal ventral
CaMKlla-positive neurons

To verify the types of LSV neurons activated by visceral
stimulation, immunofluorescence was performed. Immunostain-
ing showed that c-fos—positive cells in the LSV region were mainly
co-expressed with the Ca?*/calmodulin-dependent protein
kinase lia (CaMKllw). The ratio of CaMKlla + c-fos to c-fos was
70.73%, and the ratio of CaMKlla + c-fos to CaMKlla was
61.29% in LSV brain region (Fig. 3A). In addition, we performed
immunostaining to determine the percentage of CaMKlla-
positive neurons in the LSV. We showed that the ratio of CaMKlla
+ NeuN to NeuN was 17.24% (Fig. 3B), suggesting that the
number of CaMKlla-positive neurons in LSV may not be a
predominant population. We also examined the colocalization of
GABA with c-fos in LSV. The ratio of GABA+c-fos to c-fos was
22.61% (Fig. S2A, available at http://links.lww.com/PAIN/B695),
suggesting that CaMKlla-positive neurons were the main type of
neurons that were activated by CRD stimulation in NMD mice.

To further characterize the types of neurons activated in the
LSV region after visceral stimulation, fiber photometry was used
to record the in vivo Ca®™* signaling changes (Figs. 3C and S2B,
available at  http://links.lww.com/PAIN/B695).  AAV2/9-
CaMKlla-GCaMP6f and AAV2/9-VGAT1-GCaMP6m were
injected into the LSV to infect CaMKlla-positive neurons and
GABAergic neurons, respectively (Figs. 3D and S2C, available
at http://links.lww.com/PAIN/B695). The data indicated that
CRD induced a sharp increase in Ca®* activity in LSV CaMKlla-
positive neurons in CON and NMD mice, whereas Ca® ™" activity
in NMD mice stimulated by the same level of CRD was
significantly higher than that of CON mice (Figs. 3E-H, “P <
0.01, *™P < 0.001, two-way repeated-measure ANOVA
followed by Bonferroni post hoc test). Although a small
percentage of co-expression was noted between c-fos—positive
cells and GABAergic neurons, CRD stimulation did not
significantly increase Ca®" activity in GABAergic neurons (Fig.
S2D-S2G, available at http://links.lww.com/PAIN/B695). These
data suggested that CaMKlla-positive neurons in LSV were
activated by visceral pain.

3.4. Optosilencing of lateral septal ventral CaMKlla-positive
neurons attenuates colorectal distention-evoked visceral
pain in neonatal maternal deprivation mice, whereas
optoactivation of lateral septal ventral CaMKlla-positive
neurons promotes colorectal distention-evoked visceral
pain behaviors in normal animals

To further characterize the precise role of LSV CaMKlla-
positive neurons in visceral pain behaviors, we performed
optogenetic manipulations of these neurons. Visceral pain
was evaluated by CRD combined with EMG records (Fig. 4A).
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Figure 1. The expression levels of c-fos in the LSV region are significantly increased after CRD stimulation. (A) Schematic of EMG recording for evaluating visceral
pain in mice. (B) Representative traces of EMG records. (C) The area under the curve of EMG at 20, 40, 60, and 80 mm Hg in CON and NMD mice (F (3, 15) = 83.68,
P < 0.01, ™P < 0.001, two-way repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). (D) Schematic of c-fos expression
evoked by visceral stimulation. (E) Representative images of c-fos—expressed neurons in the LSV region after CRD stimulation. Scale bar, 50 pm. (F) Total number
of c-fos—expressed neurons of LSV after CRD stimulation (F (3, 15) = 250.6, **P < 0.001, one-way ANOVA followed by Tukey post hoc test, n = 4 brain sections
from 3 mice for CON, n = 5 brain sections from 3 mice for CON + CRD, NMD and NMD + CRD). (G) Schematic of c-fos expression evoked by mechanical
stimulation. (H) Representative images of c-fos—expressed neurons in LSV after von Frey fiber stimulation. Scale bar, 50 wm. (I) Total number of c-fos—expressed
neurons of the LSV region after von Frey fiber stimulation (F s, 14) =8.093, *P < 0.05, one-way ANOVA followed by Tukey post hoc test, n = 4 brain sections from 3
mice of the CON and NMD groups, n = 5 brain sections from 3 mice of the CON + von Frey and NMD + von Frey groups). n.s. indicates nonsignificant differences,
P > 0.05. ANOVA, analysis of variance; CRD, colorectal distention; EMG, electromyography; LSV, lateral septal ventral; NMD, neonatal maternal deprivation.

AAV2/9-CaMKlla-ChR2-EYFP, AAV2/9-CaMKlla-NpHR-
EYFP, and AAV2/9-CaMKlla-EYFP were injected into the
LSV region to infect CaMKlla-positive neurons (Fig. 4B). The
area covered by transduced cells was 0.25 to 0.30 mm?Z.
NpHR-dependent and ChR2-dependent optogenetic manip-
ulations were performed. Optosilencing of LSV CaMKlla-
positive neurons attenuated CRD-evoked visceral pain
responses in NMD mice (Figs. 4C and D, **P < 0.001,
two-way repeated-measure ANOVA followed by Bonferroni
post hoc test), whereas optoactivation of LSV CaMKlla-
positive neurons promoted adaptive CRD-evoked visceral
pain responses in CON mice (Figs. 4E and F, ***P < 0.001,
two-way repeated-measure ANOVA followed by Bonferroni
post hoc test). However, neither optosilencing nor optoacti-
vation of control virus—infected CaMKlla-positive neurons
could alter CRD-evoked visceral pain responses in NMD (Fig.
S3A and S3B, available at http://links.lww.com/PAIN/B695)
or CON mice (Fig. S3C and S3D, available at http://links.lww.
com/PAIN/B695). Therefore, these results suggest that LSV
CaMKlla-positive neurons can modulate visceral pain
behaviors.

3.5. Paraventricular hypothalamic CaMKll«-positive neurons
project to the lateral septal ventral region, and c-fos
expression is significantly increased in the paraventricular
hypothalamic region after colorectal distention stimulation

Our previous data suggest that LSV CaMKlla-positive neurons
can regulate visceral pain behaviors. To investigate the functional
changes of LSV CaMKlla-positive neurons in NMD mice, circuit
tracing was conducted. Stereotactic injection of a retrograde
tracer virus (AAV2/R-hSyn-EGFP) was performed into LSV (Fig.
5A) region, and the apparent GFP signal was observed in the PVH
region (Fig. 5B). The area covered by transduced cells was 0.20
to 0.25 mmZ. In the retrograde tracer experiments, we also
showed that GFP label signals were expressed in prefrontal
cortex, anterior cingulate cortex, and hippocampus, which was
consistent with a previous study.” Immunofluorescence staining
further revealed that the GFP signal in the PVH region was mainly
co-expressed with CaMKll« (Fig. 5C, left), and the colocalization
ratio of CaMKlla with GFP was 81.8% (Fig. 5C, right), which
indicated that PVH exhibited anterograde projection of CaMKlla-
positive neurons to the LSV region. To verify that the PVH-LSV
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Figure 2. CRD stimulation induces a sharp increase in calcium signals in LSV neurons. (A) Schematic of the recording system for evaluating calcium signals with
fiber photometry and visceral pain behavior evoked by CRD stimuli (top) and representative image of GCaMP6f expression in LSV (bottom). Scale bar, 50 pwm. (B
and C) Heatmap and average Ca®" transients of LSV neurons in CON and NMD mice receiving CRD stimulation at 20, 40, 60, and 80 mm Hg, respectively. (D) The
area under the curve of calcium activity of LSV neurons in CON and NMD mice receiving CRD stimulation at 20, 40, 60, and 80 mm Hg, respectively (F 3, 15) =
82.26, P < 0.05, **P < 0.001, two-way repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). € Averaged peak AF/F of calcium
activity of LSV neurons in CON and NMD mice receiving CRD stimulation at 20, 40, 60, and 80 mm Hg, respectively (F (3, 15y = 113.8, **P < 0.001, two-way
repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). (F) Schematic of the recording system for evaluating calcium signals with
fiber photometry and somatic stimulation evoked by von Frey fiber, tail pinch, and tail brush. (G and H) Heatmap and average Ca®* transients of LSV neurons in
CON and NMD mice receiving tail brush, tail pinch, and von Frey filament (Crl and Ipl) stimulation, respectively. () The area under the curve of calcium activity of LSV
neurons in CON and NMD mice receiving tail brush, tail pinch, and von Frey filament (Crl and Ipl) stimulation, respectively (F g 20 = 0.6363, P > 0.05, two-way
ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). (J) Averaged peak AF/F of calcium activity of LSV neurons in CON and NMD mice receiving tail
brush, tail pinch, and von Frey filament (Crl and Ipl) stimulation, respectively (F 5 20y = 0.7553, P > 0.05, two-way ANOVA followed by Bonferroni post hoc test, n =
6 mice per group). Crl, contralateral; Ipl, ipsilateral. n.s. indicates nonsignificant differences, P > 0.05. See also Figure S1, available at http://links.lww.com/PAIN/

B695. ANOVA, analysis of variance; CRD, colorectal distention; LSV, lateral septal ventral; NMD, neonatal maternal deprivation.

pathway was involved in this process, an anterograde tracer virus
(AAV2/9-hSyn-EGFP) was injected into the PVH region (Fig. 5D),
and a large number of axon terminals were observed in the LSV
(Fig. 5E), which demonstrated that the PVH region exhibited
anterograde projection to the LSV region. In anatomic tracer
experiments, the projections were seen bilaterally, but ipsilateral
projections seem to be more frequent.

To further explore the cell types of PVH anterograde projection
to LSV, a dual-virus model that selectively expressed EYFP was
used in a projection-specific manner. A monosynaptic ante-
rograde virus (AAV2/1-CaMKlla-Cre) was injected into the PVH
region, and a locally expressed virus (AAV2/9-EF1«-DIO-EYFP)
was injected into the LSV region (Fig. 5F, left). A large number of
EYFP signatures were noted in the LSV region, which further
supported the notion that PVH exhibited an anterograde
projection to LSV CaMKlla-positive neurons (Fig. 5F, right).
These results suggest that the CaMKlla-positive neurons of the
PVH region may possess a potential regulatory role on the LSV
CaMKlla-positive neurons. Therefore, we evaluated c-fos ex-
pression in the PVH region after CRD stimulation. Consistent with

the results of the LSV experiments, the data indicated that c-fos
expression in the PVH region was sharply increased after CRD
stimulation (Fig. 5G, left). It is noteworthy that the expression
levels of c-fos in NMD mice were significantly higher than those in
the CON mice (Fig. 5G, right, ***P < 0.001, two-sample t test).
Additional immunofluorescence staining indicated that c-fos was
mainly co-expressed with CaMKlla. The ratio of CaMKlla + ¢c-fos
to c-fos was 68.74%, and the ratio of CaMKlla + c-fos to
CaMKlla was 72.08% in PVH brain region (Fig. 5H). These data
suggested that the CaMKlla-positive neurons of the PVH region
exhibited an anterograde projection to the LSV CaMKlla-positive
neurons, whereas the CRD stimulation could also activate the
CaMKlla-positive neurons of the PVH region.

3.6. Paraventricular hypothalamic CaMKIll«-positive neurons
modulate visceral pain behaviors

To further characterize the activation of the CaMKlla-positive
neurons of the PVH region during CRD-evoked visceral pain
responses, fiber photometry was used to record the in vivo Ca?*
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A) Representative images of c-fos (green) and CaMKlla (red) coexpression in

LSV (left) and coexpression ratios (right). Scale bar, 50 pm. (B) Representatlve images of CaMKlla (red) and NeuN (green) coexpression in LSV (left) and
coexpression ratio (right). Scale bar, 50 pm. (C) Schematic of a recording system for evaluating calcium signals with fiber photometry and visceral pain behavior
caused by CRD stimuli. (D) Representative image of GCaMP6f expression in LSV CaMKila-positive neurons. Scale bar, 50 um. (E and F) Heatmap and average
Ca?* transients of LSV CaMKlla-positive neurons in CON and NMD mice receiving CRD stimulation at 20, 40, 60, and 80 mm Hg, respectively. (G) The area under
the curve of calcium activity of LSV CaMKlla-positive neurons in CON and NMD mice receiving CRD stimulation at 20, 40, 60, and 80 mm Hg, respectively (F s, 15
= 40.44, P < 0.01, **P < 0.001, two-way repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). (H) Averaged peak AF/F of

calcium activity of LSV CaMKlla-positive neurons in CON and NMD mice receiving CRD stimulation at 20, 40, 60, and 80 mm Hg, respectively (F (3, 15)

=51.93,"P

< 0.01, two-way repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). White dotted frame indicates the optical fiber trace. n.s.
indicates nonsignificant differences, P > 0.05. See also Figure S2, available at http://links.lww.com/PAIN/B695. ANOVA, analysis of variance; CRD, colorectal

distention; LSV, lateral septal ventral; NMD, neonatal maternal deprivation.

signaling changes (Fig. 6A, top). AAV2/9-CaMKlla-GCaMP6f
was stereotactically injected into the PVH region to infect
CaMKlla-positive neurons (Fig. 6A, bottom). The area covered
by transduced cells was 0.25~0.30 mm?. It was found that CRD
induced a significant Ca®* elevation in both CON and NMD mice,
whereas the Ca®" activity in the NMD mice stimulated by the
same level of CRD was significantly higher than that of the CON
mice (Figs. 6B-E,*P < 0.05, **P < 0.01, ***P < 0.001, two-way
repeated-measure ANOVA followed by Bonferroni post hoc test).
These data suggested that the CaMKlla-positive neurons in the
PVH region were activated by visceral stimulation.

To further evaluate the role of the PVH CaMKlla-positive
neurons in visceral pain behaviors, optogenetic manipulation was
performed in both CON and NMD mice. Visceral pain was
assessed by CRD combined with EMG recording (Fig. 6F). AAV2/
9-CaMKlla-ChR2-EYFP, AAV2/9-CaMKlla-NpHR- EYFP, and
AAV2/9-CaMKlla-EYFP were injected into the PVH region to
infect the CaMKIlla-positive neurons (Fig. 6G). We performed
NpHR-dependent and ChR2-dependent optogenetic manipula-
tions in PVH CaMKlla-positive neurons. The data demonstrated
that optosilencing of PVH CaMKlla-positive neurons significantly
attenuated visceral pain behaviors in NMD mice (Figs. 6H and I,
**P < 0.001, two-way repeated-measure ANOVA followed by
Bonferroni post hoc test), whereas optoactivation of PVH
CaMKlla-positive neurons contributed to adaptive visceral pain
behaviors in CON mice (Figs. 6J and K, “*P < 0.01, “**P < 0.001,
two-way repeated-measure ANOVA followed by Bonferroni post
hoc test). However, the same optogenetic manipulation of control
virus—infected CaMKlla-positive neurons did not induce changes

in the CRD-evoked visceral pain responses of NMD (Fig. S4A and
S4B, available at http://links.lww.com/PAIN/B695) or CON mice
(Fig. S4C and S4D, available at http://links.lww.com/PAIN/
B695). These data suggest that PVH CaMKlla-positive neurons
can regulate visceral pain behaviors.

3.7. Inhibition of the paraventricular hypothalamic-lateral
septal ventral pathway attenuates colorectal
distention-evoked visceral pain responses, whereas
activation of the paraventricular hypothalamic-lateral septal
ventral pathway contributes to adaptive colorectal
distention-evoked visceral pain responses

Our previous results suggested that CaMKlla-positive neurons in
the LSV and PVH regions modulated visceral pain behaviors and
that PVH exerted an anterograde projection of CaMKlla-positive
neurons to the LSV region. However, the role of the PVH-LSV
pathway in visceral pain remains unknown. To further investigate
the role of the PVH-LSV pathway in visceral pain behaviors, a
dual-virus strategy was used that aimed to specifically regulate
the activity of CaMKlla-positive neurons in the PVH-LSV pathway
by combining optogenetic with chemogenetic factors. AAV2/9-
CaMKlla-NpHR-EYFP and AAV2/9-CaMKlla-hM3Dg-mCherry
were injected into the PVH and LSV regions in NMD mice,
respectively (Fig. 7A). The time course and evaluation methods of
the visceral pain behavior are shown in Figure 7B. Optosilencing
of the PVH CaMKlla-positive neurons axon terminals that project
to LSV significantly alleviated visceral pain in NMD mice.
However, this effect was blocked by CNO-activation of the LSV
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Figure 4. Optosilencing of LSV CaMKlla-positive neurons attenuates visceral hyperalgesia, whereas optoactivation of LSV CaMKlla-positive neurons promotes
adaptive visceral pain behavior. (A) Experimental procedure of optogenetic manipulation of LSV CaMKilla-positive neurons (left) and schematic of EMG recording
for evaluating visceral pain (right). (B) Representative image of viral expression in LSV CaMKlla-positive neurons (left) and summary view of fiber tip and injection site
(right). Black dots and green dots indicate the fiber tip and injection site, respectively. Scale bar, 200 wm. (C) The representative EMG traces of NMD mice were
recorded at 20, 40, 60, and 80 mm Hg, respectively. (D) The area under the curve of the EMG at 20, 40, 60, and 80 mm Hg in NMD mice (F (3, 15 = 121.3, "*P <
0.001, two-way repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). (E) Representative EMG traces of CON mice were
recorded at 20, 40, 60, and 80 mm Hg, respectively. (F) The area under the curve of EMG at 20, 40, 60, and 80 mm Hg in CON mice (F (3, 15y = 117.0, **P < 0.001,
two-way repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). White dotted frame indicates the optical fiber trace. n.s. indicates
nonsignificant differences, P > 0.05. See also Figure S3, available at http://links.lww.com/PAIN/B695. ANOVA, analysis of variance; CRD, colorectal distention;
EMG, electromyography; LSV, lateral septal ventral; NMD, neonatal maternal deprivation.

CaMKIlla-positive neurons (Figs. 7C and D, **P < 0.001, two-
way repeated-measure ANOVA followed by Bonferroni post hoc
test). This result suggests that activation of the PVH-LSV pathway
is necessary for visceral pain behaviors. Furthermore, AAV2/9-
CaMKlla-ChR2-EYFP and AAV2/9-CaMKlla-hM4Di-mCherry
were injected into the PVH and LSV regions in CON mice,
respectively (Fig. 7E). The time process and detection methods of
the visceral pain behavior are shown in Figure 7F. The results
indicated that optoactivation of the PVH CaMKlla-positive
neurons axon terminals that project to LSV promoted adaptive
visceral pain behaviors in CON mice, whereas this effect was
eliminated by CNO-inhibition of LSV CaMKllx-positive neurons
(Figs. 7G and H, **P < 0.001, two-way repeated-measure
ANOVA followed by Bonferroni post hoc test). This result further
suggested that the activation of the PVH-LSV pathway was
sufficient to promote visceral pain behaviors. These data

indicated that the PVH-LSV pathway was sufficient and
necessary to modulate visceral pain behaviors.

4. Discussion

The identification of the central mechanisms underlying chronic
visceral pain has been a major challenge and key step forward for the
treatment of chronic visceral pain in patients with IBS. In this studly, it
was shown for the first time that LSV CaMKlla-positive neurons and
the PVH-LSV CaMKlla-positive circuit specifically controlled visceral
pain in a mouse model of IBS. Using both gain-of-function and loss-
of-function approaches, evidence is provided to confirm that the
PVH-LSV circuit is necessary and sufficient for visceral pain control.
In particular, activation of LSV CaMKlla-positive neurons and the
PVH-LSV circuit induces visceral pain, whereas th inhibition of the
circuit suppresses visceral analgesia. These data suggest that
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Figure 5. Dissection of the PVH-LSV circuit. (A) Schematic of the retrograde virus tracing strategy. (B) Typical images of viral expression within the LSV and PVH.
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bars, 50 pm. (D) Schematic of the anterograde viral tracing strategy. (E) Typical images of viral expression within the PVH and LSV. Scale bars, 50 pum (left) and
20 pm (right). (F) Schematic of monosynaptic anterograde tracing (left) and representative images of viral expression in LSV. Scale bars, 50 pm. (G) Representative
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manipulation of the PVH-LSV circuit exerts a critical effect on visceral
pain behaviors, whereas the LSV region may be a key factor in
regulating the visceral pain process.

4.1. Lateral septal ventral is a distinct center for visceral pain
but not for the somatic pain process

Although no significant difference was noted in the expression levels
of c-fos in the LSV region between NMD and control mice, CRD
stimulation induced a dramatic increase in c-fos expression in the
LSV region of NMD mice compared with that noted in the control
mice (Figs. 1D-F), suggesting that LSV could be activated by
visceral pain stimulation. This conclusion was further confirmed by in
vivo calcium imaging indicating that CRD stimulation significantly
enhanced LSV neural activation compared with that of the control
mice (Figs. 2A-E). It is worth noting that von Frey fiber stimulation
failed to induce a great amount of c-fos expression in the LSV region
(Figs. 1G-Il) and did not produce the fluctuation of calcium signals in
NMD mice (Figs. 2F-J). These data strongly suggested that the LSV
region served as 1 of the key elements in regulating visceral
hyperalgesia, which provides the possibility of a precise therapeutic
strategy for the treatment of visceral pain in the brain.

4.2. CaMKll«-positive neurons in the lateral septal ventral
region mediate visceral pain

Toidentify which types of neurons of the LSV region are involved
in the visceral pain process, multiple techniques, including
optogenetics and viral tracing, were used. In this study, we
demonstrated for the first time that LSV CaMKlla-positive
neurons could specifically regulate visceral pain and play an
important role in its development because most c-fos—positive
neurons were CaMKlla-positive neurons. More importantly, this
finding suggests that CaMKIla-positive neurons that are present
in low percentages in the LSV region play a major role in
mediating visceral pain, demonstrating an endogenous anti-
nociceptive role in visceral pain. The endogenous antinocicep-
tive brain regions in visceral pain need to be further investigated.
This study provided sufficient evidence indicating that LSV
CaMKlla-positive neurons were specifically activated by CRD
stimulation. LSV CaMKlla-positive neurons play a role in
promoting visceral hyperalgesia, which can be caused by
excessive excitation. CaMKlla-positive neurons of the LSV
region serve as key elements in regulating visceral hyperalgesia.
Local regulation of the excitability of CaMKIlla-positive neurons
of the LSV region suppressed visceral hyperalgesia, which
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Figure 6. PVH CaMKIla-positive neurons are involved in regulating visceral hyperalgesia. (A) Schematic of the recording system for evaluating calcium signals with
fiber photometry and visceral pain behavior caused by CRD stimuli (top) and representative image of GCaMP6f expression in PVH CaMKila-positive neurons
(bottom). Scale bar, 50 um. (B and C) Heatmap and average Ca®* transients of PVH CaMKlla-positive neurons in CON and NMD mice receiving CRD stimulation
at 20, 40, 60, and 80 mm Hg, respectively. (D) The area under the curve of calcium activity of PVH CaMKlla-positive neurons in CON and NMD mice receiving CRD
stimulation at 20, 40, 60, and 80 mm Hg, respectively (F (3, 15 = 62.90, *P < 0.05, **P < 0.01, two-way repeated-measure ANOVA followed by Bonferroni post hoc
test, n = 6 mice per group). (E) Averaged peak AF/F of calcium activity of PVH CaMKlla-positive neurons in CON and NMD mice receiving CRD stimulation at 20,
40, 60, and 80 mm Hg, respectively (F g, 15 = 72.94, *P < 0.05, **P < 0.01, **P < 0.001, two-way repeated-measure ANOVA followed by Bonferroni post hoc
test, n = 6 mice per group). (F) Experimental procedure of optogenetic manipulation of PVH CaMKlla-positive neurons (left) and schematic of EMG recording for
evaluating visceral pain (right). (G) Representative image of viral expression in PVH CaMKlla-positive neurons (left) and summary view of fiber tip and injection site
(right). Black dots and green dots indicate the fiber tip and injection site, respectively. Scale bar, 50 wm. (H) Representative EMG traces of NMD mice were
recorded at 20, 40, 60, and 80 mm Hg, respectively. () The area under the curve of EMG at 20, 40, 60, and 80 mm Hg in NMD mice (F (3 15y = 57.67, ***P < 0.001,
two-way repeated measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). (J) Representative EMG traces of CON mice were recorded at 20,

40, 60, and 80 mm Hg, respectively. (K) The area under the curve of EMG at 20, 40, 60, and 80 mm Hgin CON mice (F g, 15) = 43.84, " < 0.01, **P < 0.001, two-
way repeated-measure ANOVA followed by Bonferroni post hoc test, n = 6 mice per group). White dotted frame indicates the optical fiber trace. n.s. indicates
nonsignificant differences, P > 0.05. See also Figure S4, available at http://links.lww.com/PAIN/B695. ANOVA, analysis of variance; CRD, colorectal distention;
LSV, lateral septal ventral; NMD, neonatal maternal deprivation; PVH, paraventricular hypothalamic.
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Figure 7. Inhibition of PVH-LSV pathway reduces visceral hyperalgesia, whereas activation of PVH-LSV pathway contributes to adaptive visceral pain behavior.
(A) Experimental procedure of a dual-virus strategy that specifically regulates the activity of CaMKlla-positive neurons of the PVH-LSV pathway in NMD mice by
combining optogenetic with chemogenetic (left) and schematic of experimental timelines for optogenetic and chemogenetic manipulation (right). (B) Schematic
EMG recording for evaluating visceral pain under optogenetic and chemogenetic manipulation. (C) Representative EMG traces of NMD mice were recorded at 20,
40, 60, and 80 mm Hg, respectively. (D) The area under the curve of EMG at 20, 40, 60, and 80 mm Hg in NMD mice (F s, 1 = 86.90, ***P < 0.001, two-way
repeated-measure ANOVA followed by Bonferroni post hoc test, n = 7 mice per group). (E) Experimental procedure of a dual-virus strategy that specifically
regulates the activity of CaMKila-positive neurons of the PVH-LSV pathway in CON mice by combining optogenetic with chemogenetic (left) and schematic of
experimental timelines for optogenetic and chemogenetic manipulation (right). (F) Schematic EMG recording for evaluating visceral pain after optogenetic and
chemogenetic manipulation. (G) The representative EMG traces of CON mice were recorded at 20, 40, 60, and 80 mm Hg, respectively. (H) The area under the
curve of EMG at 20, 40, 60, and 80 mm Hg in CON mice (F g, 15 = 101.1, **P < 0.001, two-way repeated-measure ANOVA followed by Bonferroni post hoc test,
n = 6 mice per group). n.s. indicates nonsignificant differences. P > 0.05. ANOVA, analysis of variance; CRD, colorectal distention; LSV, lateral septal ventral;

NMD, neonatal maternal deprivation; PVH, paraventricular hypothalamic.

provided the possibility of precise drug therapy in the brain. The
neurotransmitter properties of CaMKlla-positive neurons in LSV
brain region may be complex, whether they are excitatory,
inhibitory, or a mix of both is unknown, which will be further
investigated in future studies.

4.3. A paraventricular hypothalamic CaMKll«-positive
projection to lateral septal ventral CaMKlla-positive neurons
regulates visceral pain

One of the very important findings of this study is the identification
of the specific neural circuit PVH-LSV, which mediates visceral
pain. Using a dual-virus strategy, a neural connection between
the PVH and LSV regions was found. This is in agreement with the
data reported in a previous report indicating that CaMKlla-
positive neurons in the PVH region directly project to the LSV

region. This connection is considered to be very important for
sleeping and feeding.>*? However, the neuronal cell types
present in the LSV region were not specified regarding the
CaMKlla™ projection from the PVH region. In this study, we
provided evidence to show a CaMKlla"-CaMKlla™ connection
between these 2 brain regions. The role of this pathway in the
visceral pain process was subsequently investigated. Our
analysis further demonstrated that this pathway was necessary
and sufficient for the visceral pain process. This conclusion was
based on the following observations: First, CaMKlla-positive
neurons of the PVH region were activated by CRD stimulation and
were shown to play a role in regulating visceral pain (Figs. 5G and
H, Figs. 6A-K). Second, activation of the PVH-LSV CaMKlla™
pathway produced visceral hyperalgesia, whereas inhibition of
the PVH-LSV CaMKlla™ pathway suppressed visceral hyper-
algesia. Third, the regulatory effect of the PVH CaMKlla-positive
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neuron activities on visceral pain was almost completely blocked
by the activities of the LSV CaMKlla-positive neurons (Figs.
7A-H). However, additional studies are required to investigate the
molecular mechanism of the PVH-LSV pathway. It is also worthy
to study the effect of photogenetic inhibition of CON mice on
visceral pain behaviors because it will help to define the
endogenous function of these circuits at baseline or NMD states.

Glutamatergic neurons are the major components of the
PVH, whereas GABAergic neurons are more scarcely repre-
sented.3812:43:49 Pravious studies have shown that PVH
glutamatergic neurons coexpress corticotropin-releasing
hormone (CRH)***® and oxytocin (OT)."®2® CRH neurons in
the PVH region coordinate stress-related behavior and
respond to stress in a behavioral manner.822° This plays
an important role in the regulation of somatic pain.”® In
addition, OT neurons also play an important role in the
regulation of pain.’2° It is therefore reasonable to speculate
that CRH or OT released from PVH glutamatergic neurons
may be an important molecular mechanism underlying
visceral pain. It is noteworthy that the experiments in this
study were only performed in male mice and that the results
from male mice may not be fully applicable to female mice.
Previous studies have shown that estrogen has an important
effect on visceral function and pain.®> 193¢ |n addition, the
menstrual cycle of female mice may affect brain function.
Therefore, only male mice were used in this study to avoid the
effects of estrogen on visceral pain. Using male mice alone
may prevent estrogen from interfering with the results, thus
giving more accurate results.

In conclusion, the results of this study demonstrated the critical
role of the CaMKlla-positive neuronal connection between the
PVH-LSV regions in visceral hyperalgesia. Targeting this unique
pathway may provide a potential and powerful approach for the
clinical treatment of visceral pain in patients with IBS.
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