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Brain natriuretic peptide-expressing
sensory neurons are not involved in
acute, inflammatory, or neuropathic pain

Saumitra Pitake1, Jennifer DeBrecht1 and Santosh K Mishra1,2,3

Abstract

Background: We recently demonstrated that brain natriuretic peptide is expressed in the dorsal root ganglia, and that brain

natriuretic peptide is required for normal detection of pruritogens. We further showed that the receptor for brain natri-

uretic peptide, natriuretic peptide receptor A, is present in the spinal cord, and elimination of these neurons profoundly

attenuates scratching to itch-inducing compounds. However, the potential modulatory roles of brain natriuretic peptide in

nociception, inflammation, and neuropathic mechanisms underlying the sensation of pain have not been investigated in detail.

Findings: To demonstrate the involvement of brain natriuretic peptide in pain, we compared the behavioral responses of

brain natriuretic peptide knockout mice with their wild-type littermates. First, we showed that brain natriuretic peptide is

not required in chemically induced pain responses evoked by the administration of capsaicin, allyl isothiocyanate, adenosine

50-triphosphate, or inflammatory soup. We further measured pain behaviors and found no involvement of brain natriuretic

peptide in hot, cold, or mechanical nociceptive responses in mice, nor did we find evidence for the involvement of brain

natriuretic peptide in neuroinflammatory sensitization elicited by complete Freund’s adjuvant or in neuropathic pain.

Conclusions: These results demonstrate that brain natriuretic peptide is not essential for pain-related behaviors.
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Introduction

Since the discovery of distinct sets of neurons responsible
for itch and pain,1 numerous studies have been carried
out to define and characterize the neurotransmitters
responsible for itch and pain. Recent advances in the
itch field have identified at least two major neurotrans-
mitters responsible for the perception of itch, gastrin-
releasing peptide (GRP) and brain natriuretic peptide
(BNP).2–4 The expression pattern and location of these
neurotransmitters within the neural itch circuitry
have been the source of contention in recent years.5–7

Recent studies have implicated BNP as the primary
neurotransmitter responsible for itch. BNP, a product
of the gene Nppb, is a small peptide hormone that acts
on the natriuretic peptide receptor A (NPRA) within the
dorsal horn of the spinal cord.2 Studies have reported a
loss of scratching response in mice lacking NPRA-
expressing interneurons in the spinal cord under condi-
tions that would normally induce itch, such as exposure

to common pruritogens like histamine and chloroquine.2

On the contrary, some studies suggest that GRP is
the primary neurotransmitter employed by itch sensory
neurons and therefore argue against the BNP-NPRA
pathway.6,7

Although many studies have investigated the role
of BNP as a primary neurotransmitter involved in itch
sensation, very few have been devoted to resolving the
potential involvement of BNP in pain sensation.
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In recent years, some studies have presented evidence
reporting the involvement of the BNP-NPRA pathway
in the modulation of nociceptive signaling.8–10 These stu-
dies concluded an involvement of BNP in acute and
chronic pain and suggested that BNP acts as a pain
reliever and is a prime target for investigating the patho-
physiology of chronic pain. These findings prompted us
to investigate the role of BNP under acute, inflamma-
tory, and neuropathic pain conditions.

In this study, we investigated whether BNP plays a role
in mediating pain response. We carried out a detailed
study of various types of nociceptive pain behaviors in
wild-type and global BNP knockout (BNP-KO) mice.
We demonstrated that BNP lacks functional involvement
in mediating chemically induced, acute, inflammatory,
and neuropathic pain responses. Our data strongly sup-
port the notion that BNP is not a neuropeptide/
neurotransmitter involved in pain sensation and further
supports our initial finding that BNP is specifically
involved in itch sensation.

Materials and methods

Mice

Global BNP-KO mice were generated as previously
described2 and maintained on the inbred strain with
identical strain-matched wild-type littermates. Ten- to
12-week-old male mice were used for all experiments.
All procedures were performed in accordance with
North Carolina State University laboratory animal care.

Chemical sensitivity

Mice were habituated to the testing environment
and subsequent behavior recorded by video camera
for chemically induced pain caused by capsaicin or
allyl isothiocyanate (AITC). Capsaicin- and AITC-
induced eye wipes were counted for 1min after delivery
of 50 ml of solution (100mM) capsaicin or 10mM AITC
in pharmaceutical grade phosphate buffer saline (PBS).
These concentrations were chosen based on previous
studies.11–13

Thermal responses

A Hargreaves’ test apparatus (Ugo Basile) was used to
measure thermal responses to radiant heat. Mice were
placed in individual chambers for 10min for habituation.
A radiant heat source was focused on the paws. A max-
imum cutoff of 20 s was used to prevent the injury.
A single hot plate (Bioseb, France) set at 50�C or 55�C
and dry ice were used to assess the acute temperature
sensitivity.14 Each animal was tested at least twice to
address the variability in responses.

Mechanical responses

Threshold-force-induced paw withdrawal was recorded
using a von Frey apparatus (Ugo Basile). Mice were
kept in the testing chambers 10min before commencing
the experiment for habituation. A single metal filament
was attached in place onto the force transducer located
beneath the animal holding platform. The cutoff force was
set at 50 g. Minimum four measurements were taken from
the paws for each animal, and the average force at which
paw withdrawal was observed was calculated accordingly.
This was done to address variability in the recordings.

Algesic substances

Paw withdrawal, flinching, guarding, and lick responses
were measured for 10min after intraplantar injection of
10ml of adenosine 50-triphosphate (ATP; 1nmol) or inflam-
matory soup (serotonin, histamine, prostaglandin E2, and
bradykinin; 1mmol each). PBS was used as a vehicle.

Complete Freund’s adjuvant-induced inflammation

Sterile complete Freund’s adjuvant (CFA; 10ml) was
injected into the plantar surface of the hind paw to
induce inflammation. The site of injection and the sur-
rounding area was observed 24h post injection to visually
confirm inflammation. Mice were then tested for thermal,
cold, and mechanical pain sensitivity. As a control, PBS
(10ml) was injected into the plantar surface, and mice were
then subjected to the same behavioral testing.13

Sciatic nerve ligation

Mice were anesthetized with Avertin (2,2,2-
Tribromoethanol; 0.6mg/g intraperitoneal). Body tem-
perature was maintained between 35�C and 37�C. The
sciatic nerve was accessed through an incision on the
lateral side of the right thigh. The biceps femoris was
cut to expose the nerve. A partial nerve ligation was
made by tying a tight ligature around approximately
one-half of the diameter of the right sciatic nerve. The
incision was then closed using sutures, and mice were
allowed to recover fully from the anesthesia before put-
ting them back in their cages. Mice were then tested for
up to 14 days for mechanical pain sensitivity using von
Frey apparatus. Baseline and presurgery testing was car-
ried out for up to 14 days prior to surgery. No pain
suppressants were administered to mice postsurgery to
avoid any influence on pain behavior.15 Investigators
were blinded during all behavioral analyses.

In situ hybridization on tissue sections

Preparation and pretreatment of tissue sections. Mice were
decapitated and dorsal root ganglia (DRG) were
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removed quickly by dissection and frozen in Tissue Tek
embedding medium (Miles, Elkhart, IN). Sections of
14 mm thickness were cut on a cryostat and mounted
on silanized slides. Sections were then fixed using freshly
prepared 4% paraformaldehyde solution (in PBS, pH
7.4) for 15min. Slides were then washed thrice with
PBS for 5min each.

Prehybridization and hybridization treatments. Prehybridization
was performed at room temperature with 200 ml hybrid-
ization buffer as in a chamber humidified with 5� saline-
sodium citrate from 6h to overnight. The hybridization
mixture was prepared by adding 200 ng DIG-cRNA per
ml hybridization buffer, then heated for 5min at 85�C to
denature the probe and chilled on ice. The prehybridiza-
tion solution was removed and 50 to 100 ml of hybridiza-
tion mixture was spread over the sections with parafilm.
The sections were covered with siliconized coverslips.
In situ hybridization was carried out using digoxigenin
labeled c-RNA probes. For detection, alkaline-phospha-
tase-conjugated antibodies were used, and manufac-
turer’s (Boheringer Mannheim and Amersham)
protocols were followed.17–19

Primers for NPRA. 50-GGCGCGCCACCATGCCGGGTT
CCCGACGC-30

50-GCTGACCAGAGAGAGGCTGCCCACCAAA
GC-30

Primers for Nppb in situ hybridization. 50-GGCGCGCCACC
ATGCCGGGTTCCCGACGC-30

50-GCTGACCAGAGAGAGGCTGCCCACCAAA
GC-30

Data analysis

Student’s t test was used to compare behavioral data
between wild-type and BNP-KO mice. Data are pre-
sented as mean�SEM, and p< 0.05 was considered
significant.

Results

Several reports have suggested that BNP is involved in
pain sensation via negative feedback mediated by activa-
tion of NPRA-expressing DRG sensory neurons.7–9

To examine the role of BNP in pain sensation, we used
age-matched wild-type littermates and global BNP-KO
mice to perform various nociceptive mouse behavior
experiments.

Nocifensive responses to algesic compounds were
measured in mice. We first assessed the eye wipe response
to both capsaicin and AITC, agonists of TRPV1- and
TRPA1-receptors, respectively. Both are known to evoke
nocifensive behavior in mice.2 Our data showed robust
eye wipe responses to capsaicin and AITC in both wild-
type and BNP-KO mice, confirming that BNP is
not required for these acute behavioral responses
(Figure 1(a)).

ATP is an energy producer and modulator of cellular
function throughout the body. ATP has been reported to
produce fast excitatory potentials via purinergic receptor

Figure 1. BNP-KO mice do not exhibit any significant change upon exposure to chemical algesics compared to wild type. (a) 100 mM

capsaicin and (b) 10 mM of AITC were applied directly onto the surface of the eyes in both wild-type (black bars) and BNP-KO mice (gray

bars), and eye-wiping behavior was observed. Chemical algesia was introduced by (c) intraplantar injection of 1 nmol of ATP or (d) a

mixture of compounds referred to as ‘‘inflammatory soup’’ (see Materials and Methods section). PBS was used as a vehicle control. No

significant decrease in algesic response was observed in BNP-KO mice compared to wild-type control. Data are mean� SEM, n5 5

animals; Student’s t test was used to measure significant difference between genotypes. AITC: allyl isothiocyanate; ATP: adenosine

50-triphosphate; BNP-KO: brain natriuretic peptide knockout.
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P2X3-expressing sensory neurons in the DRG.20

Intraplantar injection of ATP produced similar hind
paw lifting and flinching behavior in both wild-type
and BNP-KO mice (Figure 1(b)).

Tissue damage often results in nociceptive responses
due to the release of chemicals into the area around the
nociceptors. A mixture of compounds, referred to as the
inflammatory soup, provides an acidic environment.
Components of the inflammatory soup stimulate and
sensitize sensory neurons, producing a pain response.
We injected inflammatory soup into wild-type and
BNP-KO mice and observed no significant differences
in nociceptive behavioral response between genotypes
(Figure 1(b)). No significant differences were found in
wild-type and BNP-KO mice with PBS, which was
used as a vehicle control (Figure 1(b)).

To demonstrate whether BNP-KO mice exhibit
phenotypic differences in inflammation-induced pain
response, we injected CFA, a well-known inflammatory
agent, in both wild-type and BNP-KO mice. Once the
inflammatory response to intraplantar CFA injection
was confirmed visually (swollen and inflamed paws),
after approximately 24 h, both wild-type and BNP-KO
mice were subjected to hot (hot plate and Hargreaves
Assay), cold, and mechanical pain sensitivity assays. As
expected, we found that wild-type mice were hypersensi-
tive to hot plate, Hargreaves, cold, and mechanical sen-
sation 24 h post CFA application. Our BNP-KO mice
also demonstrated the same hypersensitivity toward
pain as seen in their wild-type counterparts post-CFA
treatment. Although we saw a significant decrease in
the withdrawal latency between pre- and post-CFA-
induced inflammation conditions in both wild-type and

BNP-KO mice, no significant difference in response was
observed between the genotypes in either set of condi-
tions. The hot plate assay was used to assess sensitivity to
heat. We used temperature settings of 50�C and 55�C for
both acute and CFA-induced inflammatory pain testing.
We did not find any difference between genotypes for
the conditions we tested (Figure 2(a) and (b)). The
Hargreaves assay uses an intense beam of infrared light
directed at hind paws to induce pain and to assess
acute thermal sensitivity. Both wild-type and BNP-KO
mice showed no significant difference in withdrawal
latency in naive condition (before CFA inflammation)
nor after CFA-induced inflammation (Figure 3(a)). The
plantar cold test14 was used to assess acute sensitivity to
cold in naive condition and after CFA-induced inflam-
mation. As shown in Figure 3(b), the wild-type and
BNP-KO mice demonstrated no difference in responses.
Finally, we measured mechanical response by using
automated von Frey and found no significant differences
in mechanical pain sensitivity between BNP-KO and the
wild-type littermate controls (Figure 3(c)). Additionally,
we measured mechanosensory response after sensitiza-
tion by sciatic nerve ligation in wild-type and BNP-KO
mice. We found mechanical hypersensitization in both
wild-type and BNP-KO mice following sciatic nerve liga-
tion but observed no difference in mechanosensory
response between genotypes in either pre- or postligation
conditions (Figure 3(d)).

It was previously suggested that the NPRA receptor is
expressed in the DRG and trigeminal ganglia.7–9 We
used in situ hybridization, a sensitive and specific assay
for gene expression, to determine whether NPRA is
found in sensory neurons. We made both antisense and

Figure 2. BNP-KO mice retain sensitivity to thermal pain. Wild-type control and BNP-KO mice were subjected to thermal pain using hot

plates set at (a) 50�C and (b) 55�C before and after intraplantar injection of 10 ml of CFA. No change in thermal pain sensitivity was

observed when BNP-KO mice were compared to wild-type control mice. Data are mean� SEM; n5 5 animals; *p4 0.01 was considered

significant (Student’s t test). BNP-KO: brain natriuretic peptide knockout; CFA: complete Freund’s adjuvant.
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sense probes. Although we could not detect NPRA
receptor expression in the DRG, we did find expression
of NPRA receptor in the dorsal layer of the spinal cord.
We used kidney as a positive control to detect the expres-
sion of NPRA receptor (Figure 4).

Discussion

In our previous study,2 we identified BNP, encoded by
the gene Nppb, as one of the key neurotransmitters
involved in the transmission of itch from the periphery
to the spinal cord. Based on the findings of this study, we
proposed a model where BNP is released by primary
afferent neurons in the DRG in response to pruritogens
binding to its receptor, NPRA, which is expressed in the
dorsal horn of the spinal cord. Activation of NPRA-
expressing interneurons, in turn, leads to the release of
GRP activating its receptor, gastrin-releasing peptide

receptor. Though some studies have indicated GRP to
be the primary neurotransmitter6,7 in both the periphery
and the spinal cord, recent studies have proven the
involvement of BNP in itch at the periphery.3,5,21 In add-
ition to being involved in the propagation of itch, some
studies suggest that BNP partakes in pain modulation
and transmission.8,9

To investigate this, we carried out a detailed study
using BNP-KO mice. Capsaicin, a known natural ligand
of TRPV1, and AITC, a known ligand of TRPA1, have
been used to study acute pain in rodents.11,22,23 Studies
have shown that activation of TRPA1 leads to the release
of calcitonin gene-related peptide (CGRP), a known
neurotransmitter involved in pain.22 We used these algo-
gens in wild-type and BNP-KO mice but failed to see any
significant difference between the genotypes in terms of
acute pain behavior during eye wipe assays. Although
our previous study2 showed a percentage of BNP neurons

Figure 3. BNP-KO mice exhibit normal cold, mechanical, thermal, and neuropathic pain responses. (a) Control and BNP-KO mice were

exposed to acute cold using dry ice, (b) mechanical pain using von Frey test, (c) acute thermal pain using Hargreaves’ test, and (d)

neuropathic pain induced by sciatic nerve ligation. Subsequent behavior analyses revealed no significant change in BNP-KO mice when

compared to wild-type control. Data are mean� SEM; n5 5 animals; *p4 0.01 was considered significant (Student’s t test). BNP-KO: brain

natriuretic peptide knockout; CFA: complete Freund’s adjuvant.
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expressing known pain-producing neurotransmitters—
CGRP and neuromedin B—we failed to see any effect
on the nociceptive behavior of BNP-KO mice. We attri-
bute this to corneal application of capsaicin and AITC
sufficient to produce a peripheral response but insufficient
to cause central sensitization that would lead to the release
of neurotransmitters. Furthermore, the expression of
CGRP in many different neurons in the DRG, and its
role in neuroinflammation, is not clear. Further studies
are required to probe the role of CGRP release in pain.
Studies have shown that ATP, bradykinin, serotonin,
prostaglandins, and histamine produce pain when injected
into tissue.15,24 Although the receptors targeted by these
algogens have been identified, the neuronal populations
involved have not been established. To see if BNP-
expressing neurons play any role in chemically induced
pain, we injected a mixture of these compounds, called
inflammatory soup, into the plantar surface of wild-type
and BNP-KO mice. We did not see any change in noci-
ceptive behavior between both genotypes.

Neurogenic inflammation has been shown to increase
expression of P2X3 receptors in DRG and heightened
sensitization to noxious stimuli.24 To address this, we
injected CFA into the plantar surface of wild-type and
BNP-KO mice and tested their phenotype for thermal,
cold, and mechanical pain stimuli. Although the overall
sensitivity to these noxious stimuli was elevated in both
genotypes, no significant change in nociceptive behavior

was seen between wild-type and BNP-KO mice.
Neuropathic pain has been shown to produce touch-
evoked allodynia (mechanical hyperalgesia) in rodents.11,24

To study this, we created a nerve injury model by ligating
the sciatic nerve in wild-type and BNP-KO mice. We did
not observe any significant difference between either
genotypes.16

Studies by Zhang et al.8 and Li et al.9 have shown
BNP to have an antinociceptive effect in rats when
injected into the spine (intrathecal injection). This effect
could be due to overstimulation of NPRA receptors by
excessive BNP, which could possibly decrease nocicep-
tion. However, none of these studies used a knockout
model to corroborate the antinociceptive effect. In our
study, we used BNP-KO mice, where endogenous BNP
was absent. Another explanation for why we were unable
to see an antinociceptive effect could be due to differ-
ences in the rat and mouse model systems used in these
two independent studies, presumably suggesting plasti-
city between excitatory and inhibitory neurotransmission
in the spinal cord. Based on these findings, we fail to see
any functional role for BNP in acute, inflammatory, or
neuropathic pain.

Conclusion

In summary, our data do not support a tonic role for
BNP in modulating pain in mice. Similarly, the

Figure 4. Distribution and arrangement of BNP-expressing neurons ((a) and (b)), NPRA receptor ((c) and (d)) in sections of dorsal root

ganglion and dorsal horn of spinal cord respectively were analyzed by in situ hybridization. DRG sections show high expression of BNP

neurons and almost no NPRA expression while dorsal horn of the spinal cord shows very high expression of NPRA and no BNP

expression. Kidney sections with sense probe (e) and with NPRA antisense probe ((f) and (g)) are included as a positive control for NPRA

expression. Scale bar¼ 100 mm. BNP: brain natriuretic peptide; NPRA: natriuretic peptide receptor A.
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BNP-dependent population of peptidergic neurons,
which we have shown to be critical for mediating a chem-
ically induced itch, appears normal for both acute and
chemically induced pain. Inflammation-induced hot,
cold, and mechanical sensation were normal between
genotypes. In addition, sciatic nerve ligation-induced
neuropathic pain evoked similar pain responses in wild-
type and BNP-KO mice. Therefore, these findings are
consistent with the hypothesis that BNP does not play
a functional role in mediating pain, and more study
needs to be done to elucidate the spinal complexity for
pain and itch sensation.
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