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to noxious and non-noxious mechanical
stimulation in a neuropathic pain model rat
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Abstract

Previously, we found that serotonin (5-HT) release in the central nucleus of the amygdala (CeA) of anesthetized rats
decreases in response to innocuous stroking of the skin, irrespective of stimulus laterality, but increases in response
to noxious pinching applied to a hindlimb contralateral to the 5-HT measurement site. The aim of the present study
was to determine whether intra-CeA 5-HT release responses to cutaneous stimulation were altered in an animal
model of neuropathic pain induced by ligation of the left L5 spinal nerve. In anesthetized neuropathic pain model
rats, stroking of the left hindlimb increased 5-HT release in the CeA, whereas stroking of the right hindlimb decreased
it. Meanwhile, pinching of the left hindlimb increased intra-CeA 5-HT release irrespective of stimulus laterality. In con-
clusion, the present study demonstrated that intra-CeA 5-HT release responses to cutaneous stimulation are altered

in an animal model of neuropathic pain.

Keywords Neuropathic pain, Serotonin release, Central nucleus of the amygdala, Stroking, Pinching, Rat

Introduction

The amygdala is a major component of the limbic system
and is well known to be critically involved in emotional
processes, including very predominantly, in the induction
of unpleasant emotions, such as fear. Neuroimaging stud-
ies have demonstrated that the amygdala is activated in
human subjects experiencing an unpleasant feeling [1-3].
In concordance, amygdala activation in animals has been
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associated with the performance of anxiety- and fear-
related behaviors [4—6].

Sensory stimulation of the skin or muscle can produce
modality-dependent emotional changes. For example,
noxious mechanical stimulation tends to evoke fear and
anxiety, whereas innocuous tactile stimulation can be
pleasant and anxiolytic. Serotonin (5-HT) in the cen-
tral nucleus of the amygdala (CeA), has been shown to
be involved in the triggering of anxiety and fear [7, 8].
Therefore, previously, we investigated how noxious and
innocuous cutaneous stimulation affects 5-HT release in
the CeA in anesthetized rats. In that study, we observed
increases and decreases in 5-HT release in response to
noxious (pinching) and innocuous (stroking) mechani-
cal stimulation, respectively [9]. Those findings sug-
gested that increases in 5-HT release in the CeA evoked
by pinching may contribute to fear or anxiety, while
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decreases evoked by stroking may attenuate fear or anxi-
ety in conscious animals.

The CeA has been implicated in the pathophysiol-
ogy of chronic pain in human patients [10]. Neuroplas-
tic changes in the CeA, including neural responses to
somatic stimulation (both noxious and innocuous), were
found to be augmented in an animal model of chronic
arthritis pain [11]. Parabrachial tract stimulation-evoked
excitatory synaptic transmission in the CeA has been
shown to be enhanced in slice preparations from animal
models of arthritis pain [12] and neuropathic pain [13].

The aforementioned results suggest that somatosensory
stimulation-induced 5-HT release responses in the CeA
may be altered by chronic pain. Thus, the aim of the pre-
sent study was to analyze CeA 5-HT release in response
to noxious and innocuous mechanical stimulation in an
animal model of neuropathic pain. Release of 5-HT was
measured with high-performance liquid chromatography
(HPLC), and the noxious and innocuous forms of stimu-
lation applied were pinching and stroking, respectively.

Materials and methods

Ethics

All experiments were conducted in accordance with
the Japanese Physiological Society’s Guide for the Care
and Use of Laboratory Animals. The study protocol was
approved by the animal ethics committee of the Interna-
tional University of Health and Welfare.

Animals

The experiments were performed on 13 male Wistar rats
(280-330 g) obtained from Japan SLC, Inc (Shizuoka).
The animals were kept in a temperature-controlled
room (23 +1 °C) that was lit between 08:00 h and 20:00 h
(Showa, Tokyo). Commercial rodent chow (Labo-MR
stock, Nosan, Kanagawa) and tap water were provided
ad libitum.

Peripheral neuropathic pain model

The left L5 spinal nerve was ligated in isoflurane-anes-
thetized rats lying in a prone position as described in
detail previously [14]. Briefly, from level L4 to level S2, we
detached the paraspinal muscles from the spinous pro-
cesses. Using, a small rongeur, we removed the L6 trans-
verse process carefully, exposing the L4 and L5 spinal
nerves. The left L5 nerve was then ligated firmly with 6-0
silk suture thread, and then the overlying surgical wound
was sutured. Sham operations were performed on the
right side as above with the omission of the nerve ligation
step.
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Assessment of neuropathic pain development

Pain tests were performed with von Frey filaments
(0.4-15 g, Stoelting, USA), as described by Chaplan
et al. [15], before (day 0) and after (days 1, 3, 5, and 7)
the L5 spinal nerve ligation operation. All tests were
conducted between 18:00 h and 19:00 h. The criterion
for the development of neuropathic pain was a 50%
withdrawal threshold with Dixon’s up-down method
[16].

Cannula implantation

Each rat was implanted with a guide cannula (diameter:
0.5 mm; AG-12, Eicom, Kyoto) 1-2 d prior to the HPLC
experiment as described in detail previously [9]. Microdi-
alysis probe guide cannulae aimed at the CeA were posi-
tioned according to the following coordinates: 2.3 mm
posterior to bregma, 4.0 mm lateral of the midline, and
6.4 mm ventral to dura.

Microdialysis probe implantation and dialysate sampling
The experiments were conducted with rats anesthetized
with urethane (1.1 g kg™', intraperitoneal injection)
7 days after the spinal nerve ligation. The rats’ tracheas
were intubated for spontaneous breathing, and their
body temperatures were maintained at 37.5+0.1 °C with
heating pads and infrared lamps (ATB-1100, Nihon-Koh-
den, Tokyo). Depth of anesthesia was assessed routinely
throughout the experiment by counting the number of
breaths taken per minute and by testing corneal and flex-
ion reflexes.

The microdialysis probe placement and dialysate sam-
pling procedures were performed as described by Toku-
naga et al. [9]. On the morning of the experiment day, a
concentric microdialysis probe with a 1-mm membrane
(220-um outer diameter, 50-kDa molecular-weight cut-
off; A-I-12-01, Eicom) was inserted into the CeA via the
previously implanted guide cannula. The microdialysis
probe was perfused at a rate of 1 ul min~! with modified
Ringer’s solution consisting of 147 mM Na*, 4 mM KT,
and 1.15 mM Ca2*. Dialysate was collected from the
microdialysis outlet tube for a period of 10 min. In vitro
5-HT recovery rates for individual probes ranged from
7.7 to 12.4%. To standardize recovery rate, 5-HT con-
centrations in the dialysate were calculated based on the
assumption of a 10.0% recovery rate.

HPLC

For 5-HT release measurements, pooled dialysate sam-
ples were injected manually into an HPLC chroma-
tograph equipped with an electrochemical detector
(HTEC-500, Eicom), as described previously [9]. For a
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standard 0.06 fmol pl ~! solution, a 0.95% coefficient of
variation was obtained with this method (z=38).

Cutaneous stimulation

Noxious mechanical stimulation, in the form of pinching,
and innocuous mechanical stimulation, in the form of
stroking, were applied as described in our previous study
[9]. Briefly, pinching was applied with a surgical clamp
(an area of 1.5 cm?) to the unilateral hindlimb (between
the iliac crest and knee joint) at a force of 3-5 kg for
10 min. To avoid accommodation to the pinching,
the stimulus site was changed every 2 min within the
hindlimb, reaching a total pinching area of approximately
7.5 cm?. Stroking was applied manually to the hindlimb
(an area of approximately 7-8 cm?) with a pressure of
80-100 mN cm™2 for 10 min at a frequency of 65-75
strokes min~! (1.08-1.25 Hz). To avoid the influence of
the skin tissue damage caused by pinching, stroking was
always applied before pinching.

Probe placement verification

At the conclusion of the experiment, the rats were anes-
thetized deeply with sodium pentobarbital. After tran-
scardial perfusion with formalin, performed as described
previously [9], each rat’s brain was removed and stored in
the same fixative. Sections (50 um thick) were cut with a
freezing microtome, mounted, stained with thionin, and
viewed under a light microscope.

Statistical analysis

Data are expressed as means + standard deviations (SDs).
To detect changes over time within a group, we con-
ducted repeated measures one-way analyses of variance
(ANOVAs) followed by Dunnett’s multiple range post
hoc tests. Experimental sets (responses in the left vs.
right CeA; responses to stimulation of the ipsilateral vs.
contralateral hindlimb) were compared with two-way
ANOVAs. Prestimulus basal intra-CeA 5-HT concentra-
tion values were compared between experimental sets
with Student’s -tests. Probability values of less than 5%
were considered significant.

Results

Probe placement

The probes were confirmed to be in the CeA for all rats
used in this study.

Withdrawal threshold

The withdrawal thresholds evoked by stimulation of
the right and left hindpaw with von Frey filaments were
12.5+2.5 g and 12.1+1.6 g (n=13), respectively, in rats
before ligation of the left L5 nerve (day 0 values shown
in Fig. 1). The threshold of the left hindpaw (ligation
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Fig. 1 Changes in pain threshold after left L5 nerve ligation.
Ordinate: 50% paw withdrawal threshold. Abscissa: days after ligation.
Day 0 was the day of ligation. Closed circles, withdrawal of the right
paw (non-ligated side); open circles, withdrawal of the left paw
(ligated side); ***p < 0.001 vs. pre-ligation value (day 0). n=13

side) decreased dramatically to 2.3+0.9 g on day 1 after
the ligation, whereas that of the right hindpaw (non-
ligation side) remained unchanged over the week after
the ligation operation (Fig. 1). The withdrawal thresholds
observed for the right and left hindpaws on the experi-
mental day (7 days after ligation) were 11.8+2.6 g and
1.5+£0.4 g, respectively. The withdrawal thresholds were
similar between experiments involving the right CeA and
those involving the left CeA (data not shown).

Responses to stroking stimulation

5-HT release in the right CeA

Prestimulus control 5-HT release values in the right
CeA obtained prior to stroking of the right (1.19+0.37
fmol-10~! min, n=6) and left (0.99 +0.36 fmol-10~! min,
n=6) hindlimb were similar. All data of right and left
stimulation were obtained from the same 6 rats. When
stroking stimulation was applied to the right hindlimb
(non-ligated side) ipsilateral to 5-HT measurement, 5-HT
release was significantly decreased during the stimulation
period (89+4% of prestimulus control values) (Fig. 2A).
Stroking stimulation of the left hindlimb (ligated side),
contralateral side to the measurement, produced signifi-
cant increases in 5-HT release (114+7% of prestimulus
control values) during the stimulation period (Fig. 2B).

5-HT release in the left CeA

Prestimulus control 5-HT release values in the left CeA
did not differ significantly between right hindlimb strok-
ing (1.09+0.62 fmol 10~ min, #=6) and left hindlimb
stroking (1.21+0.52 fmol 107! min, #=6) conditions. Of
the six data, five were obtained from the same animals for
both left and right stimulation. The remaining data were
obtained from separate animals.
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Fig. 2 Release of 5-HT in the CeA in response to stroking stimulation of the hindlimb. Ordinates: response magnitude expressed as a mean
percentage (£ SD) of the prestimulus control value. Abscissas: time, with stimulation onset at 0 and the 10-min stimulus period shown
with a horizontal bar. A, B The right CeA, n=6. C, D The left CeA, n=6.**p<0.01, *p < 0.05 vs. prestimulus control values

Stroking of the left hindlimb (ligated side, ipsilateral to
the measurement) and of the right hindlimb (non-ligated,
contralateral to the measurement) produced significant
increases (117+7 of prestimulus control values) and
decreases (85+5 of prestimulus control values) in left-
CeA 5-HT release, respectively (Fig. 2C, D). The mag-
nitudes of these increased and decreased intra-left CeA
5-HT release responses to stroking of the left (Fig. 2C)
and right (Fig. 2D) hindlimb, respectively, were similar to
those observed for the analogous experiments reported
above for the right CeA (Fig. 2A, B).

Responses to pinching stimulation

5-HT release in the right CeA

Prestimulus control 5-HT release values in the right CeA
obtained prior to right hindlimb pinching (1.11+0.45
fmol 107! min, #=5) and prior to left hindlimb pinch-
ing (1.02 +0.42 fmol 10~ min, n=>5) were similar to each
other. Of the five data, four were obtained from the same

animals for both left and right stimulation. The remain-
ing data were obtained from separate animals. When
pinching stimulation was applied to the right hindlimb
(non-ligated side, ipsilateral to the measurement), 5-HT
release remained similar to prestimulus levels over the
40-min observation period (Fig. 3A). On the other hand,
pinching stimulation of the left hindlimb (ligated side,
contralateral to the measurement) produced significant
increases in intra-right CeA 5-HT release during the
stimulation period (113+6% of prestimulus control val-
ues) (Fig. 3B).

5-HT release in the left CeA

Prestimulus control 5-HT release values in the left CeA
obtained prior to right hindlimb pinching (1.04+0.77
fmol 107! min, n=5) were statistically similar to those
obtained prior to left hindlimb pinching (1.06+0.57
fmol 10! min, n=5). All data of right and left stim-
ulation were obtained from the same 5 rats. When
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Fig. 3 Release of 5-HT in the CeA in response to pinching stimulation of the hindlimb. A, B The right CeA, n=5.C, D The left CeA, n=5.**p<0.01 vs.

prestimulus control values. Axes are as in Fig. 2

pinching was applied to the left hindlimb (ligated side,
ipsilateral to the measurement), 5-HT release during
the stimulation period increased to 113+5% of pres-
timulus control values (Fig. 3C). Pinching stimulation
applied to the right hindlimb (non-ligated, contralat-
eral to the measurement) also increased 5-HT release
(115+7% of prestimulus control values) during stimu-
lus period (Fig. 3D). The magnitudes of these increases
in response to pinching of the left (Fig. 3C) and right
(Fig. 3D) hindlimbs were similar.

The magnitudes of increased intra-left CeA 5-HT
release in response to pinching of the left and right
hindlimbs (Fig. 3C, D) were not different from intra-
right CeA 5-HT release responses to pinching of the
left hindlimb (Fig. 3B). Furthermore, the magnitudes
of increased responses to pinching (Fig. 3B-D) were
not significantly different from those to stroking of the
left hindlimb (Fig. 2B and C).

Discussion

The present study showed for the first time that 5-HT
release responses to noxious and innocuous cutane-
ous stimulation in the CeA determined by HPLC in rat
models of neuropathic pain were different from those
seen previously in normal control animals [9]. These
results suggest that neuroplastic changes altering 5-HT
release in the CeA occur in our animal model of neuro-
pathic pain. In a previous study involving normal (nerve-
intact) rats, we found that innocuous stroking of the skin
reduced 5-HT release in both the contralateral and ipsi-
lateral CeA [9].

In the present study with rats given a left L5 nerve liga-
tion, this 5-HT reduction effect was replicated bilaterally
only for stimulation of the right hindlimb situated on the
side without nerve ligation. On the contrary, stimulation
of the left hindlimb, on the side with a ligated L5 nerve,
resulted in increased 5-HT release in the CeA of our
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animal models of neuropathic pain. These new results
demonstrate that innocuous hindlimb stimulation ipsilat-
eral to L5 nerve ligation increases 5-HT release, whereas
the same stimulation of on the non-ligated side decreases
5-HT release in both the right and the left CeA. Given
that noxious pinching stimulation increases 5-HT release
in intact animals [9], these results indicate that strok-
ing stimulation of the hindlimb ipsilateral to the ligated
nerve may mimic the effects of a noxious stimulation
on the CeA, perhaps via a peripheral mechanism simi-
lar to that underlying allodynia [17-19]. Since L5 nerve
injury is known to cause sensitization of fast-conducting
high-threshold (group III) afferents [20, 21], stroking
stimulation may evoke activation of group III afferents
in spinal nerve-ligated model rats. In addition, optoge-
netic stimulation of group II fibers has shown to induce
paw withdrawal and activate neurons in the CeA in a
model of peripheral nerve injury [22]. Therefore, activa-
tion of both group II and group III fibers may contribute
to the response of 5HT release in the CeA to stroking
stimulation of the ligated hindlimb.

Corticotropin releasing factor (CRF) neurons in the
CeA project to the dorsal raphe nucleus (DRN) and, con-
versely, 5-HT neurons in the DRN project to the CeA
[23]. In a previous study, we found that the differing
5-HT release responses to noxious and innocuous stimu-
lation could be attributed to the contributions of different
subtypes of CRF receptors in the DRN. That is, increased
and decreased 5-HT release responses were found to be
mediated via CRF2 and CRF1 receptors, respectively, in
the DRN [24]. Furthermore, it has been reported that
activity of 5-HT neurons in the DRN decreased follow-
ing intra-DRN injection of a lower amount of CRF via
CRF1 receptors but increased following intra-DRN injec-
tion of a higher amount of CRF via CRF2 receptors [25].
It is possible that stroking on the non-ligated side trig-
gers a relatively low amount of CRF release into the DRN,
resulting in stimulation of CRF1 receptors, which would
decrease 5-HT release in the CeA. On the other hand,
stroking on the ligated side may trigger a higher amount
of CRF release in the DRN, resulting in stimulation of
CRF2 receptors, which would increase 5-HT release in
the CeA.

Nociceptive information reaches the CeA through the
spino-parabrachio-amygdaloid pathway, which origi-
nates from lamina I neurons in the contralateral spinal
cord [26-28]. Because innocuous stroking of the side
ipsilateral to nerve ligation increased 5-HT release in
the CeA measured on either side, it is unlikely that the
spino-parabrachio-amygdaloid pathway participates in
this response alteration. Alternatively, the CeA receives
polymodal information from thalamic and cortical areas
through the basolateral amygdaloid (BLA) [6, 29, 30].
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Hence, given that there are bilateral corticothalamic
projections [31] and corticothalamic pathway are driven
even under anesthetic condition [32], the thalamus—
BLA-CeA pathway may contribute to postligation CeA
responses to stroking of either side.

However, regarding noxious stimulation, our prior
observation that contralateral, but not ipsilateral, pinch-
ing is effective for increasing 5-HT release in the CeA of
intact animals suggests that the spino-parabrachio-CeA
pathway may contribute to increases in 5-HT release
in response to pinching [9]. Consistent with the results
obtained in intact animals, here, we found that 5-HT
release in the right CeA of animals with a left L5 nerve
ligation also increased only when the contralateral (left,
ligated side) hindlimb was stimulated. On the other
hand, in the left CeA experiments, increases in 5-HT
release were observed in response to pinching of either
the ipsilateral (left, ligated side) or contralateral (right,
non-ligated) hindlimb. Taken together, pinching deliv-
ered to the ligated side increased 5-HT release in the
CeA irrespective of laterality. Thus, the increased 5-HT
release responses to ipsilateral pinching observed in rats
with spinal nerve ligation may be mediated via the same
pathway that conveys stroking information to the CeA,
namely, the thalamus—BLA—-CeA pathway.

Most of the 5-HT efferents to the CeA originate from
the DRN [33-35], noxious stimuli induced a transient
elevation of Ca’" signals of DRN-CeA 5-HT neurons
[36], and the firing rates of 5-HT neurons in the DRN
have been reported to be elevated 7 d after spinal nerve
ligation in rats [37]. Thus, increases in DRN neuronal fir-
ing could underlie augmented 5-HT release in the CeA
of animals with spinal nerve ligation. In accordance,
basal release of 5-HT in the CeA in the present nerve
ligation animal model (0.98-1.21 fmol-10 pl™*) tends to
be augmented compared to that observed in intact ani-
mals (0.84— 0.92 fmol-10 pl™!) in our previous study
[9], though direct comparison is difficult across sepa-
rate studies. Given the established involvement of 5-HT
within the CeA in fear and anxiety-related behaviors [7,
8], augmented intra-CeA 5-HT release responses follow-
ing spinal nerve ligation might lead to elevation of anxi-
ety in neuropathic pain model animals.

Chronic pain-induced plasticity in the CeA has been
reported to be dominant in the right hemisphere. For
example, responses of neuronal activity to somatosensory
stimulation were elevated in the right, but not the left,
CeA after inflammation affecting either knee in an animal
model of arthritis pain [38]. Additionally, the numbers of
cells expressing c-Fos and phosphorylated extracellular
signal-regulated kinases were increased after unilateral
injection of formalin into either hindpaw in an inflamma-
tory pain model in only the right CeA [39]. In the present
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study, we did not observe a laterality difference in release
of 5-HT in response to hindlimb stimulation, indicating
that 5-HT neurons projecting from the DRN to the CeA
do not have right hemisphere dominance.

Conclusions

The main finding of this study is that intra-CeA release
responses to cutaneous stimulation are altered in an ani-
mal model of neuropathic pain, relative to those in intact
animals [9]. Notably, stroking stimulation delivered to
the side on which the L5 nerve was ligated resulted in
increased 5-HT release responses in the CeA, as opposed
to the decreased responses that occur in intact animals.
Furthermore, pinching stimulation delivered to the
ligated side showed increased 5-HT release responses
irrespective of laterality, in contrast to the clear lateral-
ity observed in intact animals. The present data suggest
that increased 5-HT responses to cutaneous stimulation,
particularly in the CeA, may lead to augmented anxiety
under chronic pain conditions.

Acknowledgements
Not applicable.

Author contributions

RT participated in the design of the study, carried out the experiments, per-
formed the data analysis, and drafted the manuscript. HS participated in the
probe placement verification. MK made the design of this study, supervised
the experiments, and wrote the manuscript. All authors read and approved

the final manuscript.

Funding
This work was supported by JSPS KAKENHI Grant Numbers 19K11304 to MK.
20K23010 and 23K10460 to RT.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The care of animals and all procedures performed in this study were in accord-
ance with the Japanese Physiological Society’s Guide for the Care and Use of
Laboratory Animals. The study was approved by the animal ethics committee
of the International University of Health and Welfare.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 23 October 2023 Accepted: 25 February 2024
Published online: 12 March 2024

References

1. Ahs F, Pissiota A, Michelgard A, Frans O, Furmark T, Appel L, Fredrikson M
(2009) Disentangling the web of fear: amygdala reactivity and functional
connectivity in spider and snake phobia. Psychiatry Res 172:103-108

20.

21.

22.

23.

24,

Page 7 of 8

Indovina |, Robbins TW, Nunez-Elizalde AO, Dunn BD, Bishop SJ (2011)
Fear-conditioning mechanisms associated with trait vulnerability to anxi-
ety in humans. Neuron 69:563-571

Whalen PJ, Kagan J, Cook RG, Davis FC, Kim H, Polis S, McLaren DG,
Somerville LH, McLean AA, Maxwell JS, Johnstone T (2004) Human amyg-
dala responsivity to masked fearful eye whites. Science 306:2061

Davis M (1992) The role of the amygdala in fear and anxiety. Annu Rev
Neurosci 15:353-375

Mikics E, Toth M, Varju P, Gereben B, Liposits Z, Ashaber M, Halasz J, Barna
|, Farkas I, Haller J (2008) Lasting changes in social behavior and amygdala
function following traumatic experience induced by a single series of
foot-shocks. Psychoneuroendocrinology 33:1198-1210

Sah P, Faber ES, Lopez De Armentia M, Power J (2003) The amygdaloid
complex: anatomy and physiology. Physiol Rev 83:803-834

Li Q, LuoT, Jiang X, Wang J (2012) Anxiolytic effects of 5-HT(1)A receptors
and anxiogenic effects of 5-HT(2)C receptors in the amygdala of mice.
Neuropharmacology 62:474-484

Forster GL, Feng N, Watt MJ, Korzan WJ, Mouw NJ, Summers CH, Renner
KJ (2006) Corticotropin-releasing factor in the dorsal raphe elicits tem-
porally distinct serotonergic responses in the limbic system in relation to
fear behavior. Neuroscience 141:1047-1055

Tokunaga R, Shimoju R, Takagi N, Shibata H, Kurosawa M (2016) Serotonin
release in the central nucleus of the amygdala in response to noxious
and innocuous cutaneous stimulation in anesthetized rats. J Physiol Sci
66:307-314

. Hashmi JA, Baliki MN, Huang L, Baria AT, Torbey S, Hermann KM, Schnitzer

TJ, Apkarian AV (2013) Shape shifting pain: chronification of back pain
shifts brain representation from nociceptive to emotional circuits. Brain
136:2751-2768

. NeugebauerV, Li W (2003) Differential sensitization of amygdala neurons

to afferent inputs in a model of arthritic pain. J Neurophysiol 89:716-727

. NeugebauerV, Li W, Bird GC, Bhave G, Gereau RWt, (2003) Synaptic

plasticity in the amygdala in a model of arthritic pain: differential roles of
metabotropic glutamate receptors 1 and 5. J Neurosci 23:52-63

. lkeda R, Takahashi Y, Inoue K, Kato F (2007) NMDA receptor-independent

synaptic plasticity in the central amygdala in the rat model of neuro-
pathic pain. Pain 127:161-172

. Kim SH, Chung JM (1992) An experimental model for peripheral neu-

ropathy produced by segmental spinal nerve ligation in the rat. Pain
50:355-363

. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantita-

tive assessment of tactile allodynia in the rat paw. J Neurosci Methods
53:55-63

. Dixon WJ (1980) Efficient analysis of experimental observations. Annu Rev

Pharmacol Toxicol 20:441-462

. Liu X, Eschenfelder S, Blenk KH, Janig W, Habler H (2000) Spontaneous

activity of axotomized afferent neurons after L5 spinal nerve injury in rats.
Pain 84:309-318

. Han HC, Lee DH, Chung JM (2000) Characteristics of ectopic discharges in

a rat neuropathic pain model. Pain 84:253-261

. Navarro X, Vivo M, Valero-Cabre A (2007) Neural plasticity after peripheral

nerve injury and regeneration. Prog Neurobiol 82:163-201

Boada MD, Gutierrez S, Aschenbrenner CA, Houle TT, Hayashida K, Ririe
DG, Eisenach JC (2015) Nerve injury induces a new profile of tactile and
mechanical nociceptor input from undamaged peripheral afferents. J
Neurophysiol 113:100-109

Boada MD, Gutierrez S, Giffear K, Eisenach JC, Ririe DG (2012) Skin
incision-induced receptive field responses of mechanosensitive periph-
eral neurons are developmentally regulated in the rat. J Neurophysiol
108:1122-1129

Tashima R, Koga K, Sekine M, Kanehisa K, Kohro Y, Tominaga K, Matsushita
K, Tozaki-Saitoh H, Fukazawa Y, Inoue K, Yawo H, Furue H, Tsuda M (2018)
Optogenetic Activation of Non-Nociceptive Abeta Fibers Induces Neu-
ropathic Pain-Like Sensory and Emotional Behaviors after Nerve Injury in
Rats. eNeuro 5:45

Retson TA, Van Bockstaele EJ (2013) Coordinate regulation of noradr-
energic and serotonergic brain regions by amygdalar neurons. J Chem
Neuroanat 52:9-19

Tokunaga R, Shimoju R, Shibata H, Kurosawa M (2017) Somatosensory
regulation of serotonin release in the central nucleus of the amygdala is



Tokunaga et al. The Journal of Physiological Sciences (2024) 74:17

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

mediated via corticotropin releasing factor and gamma-aminobutyric
acid in the dorsal raphe nucleus. J Physiol Sci 67:689-698

Kirby LG, Rice KC, Valentino RJ (2000) Effects of corticotropin-releasing
factor on neuronal activity in the serotonergic dorsal raphe nucleus.
Neuropsychopharmacology 22:148-162

Bernard JF, Besson JM (1990) The spino(trigemino)pontoamygdaloid
pathway: electrophysiological evidence for an involvement in pain
processes. J Neurophysiol 63:473-490

Bernard JF, Peschanski M, Besson JM (1989) A possible spino (trigemino)-
ponto-amygdaloid pathway for pain. Neurosci Lett 100:83-88

Todd AJ (2010) Neuronal circuitry for pain processing in the dorsal horn.
Nat Rev Neurosci 11:823-836

Pare D, Quirk GJ, Ledoux JE (2004) New vistas on amygdala networks in
conditioned fear. J Neurophysiol 92:1-9

Shi C, Davis M (1999) Pain pathways involved in fear conditioning meas-
ured with fear-potentiated startle: lesion studies. J Neurosci 19:420-430
Baker A, Kalmbach B, Morishima M, Kim J, Juavinett A, Li N, Dembrow N
(2018) Specialized Subpopulations of Deep-Layer Pyramidal Neurons in
the Neocortex: Bridging Cellular Properties to Functional Consequences.
J Neurosci 38:5441-5455

Li L, Ebner FF (2016) Cortex dynamically modulates responses of thalamic
relay neurons through prolonged circuit-level disinhibition in rat thala-
mus in vivo. J Neurophysiol 116:2368-2382

Commons KG, Connolley KR, Valentino RJ (2003) A neurochemically dis-
tinct dorsal raphe-limbic circuit with a potential role in affective disorders.
Neuropsychopharmacology 28:206-215

LiYQ, Jia HG, Rao ZR, Shi JW (1990) Serotonin-, substance P- or leucine-
enkephalin-containing neurons in the midbrain periaqueductal gray and
nucleus raphe dorsalis send projection fibers to the central amygdaloid
nucleus in the rat. Neurosci Lett 120:124-127

Petrov T, Krukoff TL, Jhamandas JH (1994) Chemically defined collat-

eral projections from the pons to the central nucleus of the amygdala
and hypothalamic paraventricular nucleus in the rat. Cell Tissue Res
277:289-295

Ren J, Friedmann D, Xiong J, Liu CD, Ferguson BR, Weerakkody T, DeLoach
KE, Ran C, Pun A, Sun'Y, Weissbourd B, Neve RL, Huguenard J, Horowitz
MA, Luo L (2018) Anatomically Defined and Functionally Distinct Dorsal
Raphe Serotonin Sub-systems. Cell 175(472-487).e420

Palazzo E, de Novellis V, Petrosino S, Marabese |, Vita D, Giordano C, Di
Marzo V, Mangoni GS, Rossi F, Maione S (2006) Neuropathic pain and

the endocannabinoid system in the dorsal raphe: pharmacological
treatment and interactions with the serotonergic system. Eur J Neurosci
24:2011-2020

Ji G, Neugebauer V (2009) Hemispheric lateralization of pain processing
by amygdala neurons. J Neurophysiol 102:2253-2264

Carrasquillo Y, Gereau RWt, (2007) Activation of the extracellular signal-
regulated kinase in the amygdala modulates pain perception. J Neurosci
27:1543-1551

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 8 of 8



	Alteration of serotonin release response in the central nucleus of the amygdala to noxious and non-noxious mechanical stimulation in a neuropathic pain model rat
	Abstract 
	Introduction
	Materials and methods
	Ethics
	Animals
	Peripheral neuropathic pain model
	Assessment of neuropathic pain development
	Cannula implantation
	Microdialysis probe implantation and dialysate sampling
	HPLC
	Cutaneous stimulation
	Probe placement verification
	Statistical analysis

	Results
	Probe placement
	Withdrawal threshold
	Responses to stroking stimulation
	5-HT release in the right CeA
	5-HT release in the left CeA

	Responses to pinching stimulation
	5-HT release in the right CeA
	5-HT release in the left CeA


	Discussion
	Conclusions
	Acknowledgements
	References


