
Article

Fibroblast growth factor 7 is a nociceptive modulator
secreted via large dense-core vesicles
Hui Liu1, Qing-Feng Wu1, Jia-Yin Li1, Xing-Jun Liu1, Kai-Cheng Li1, Yan-Qing Zhong1, Dan Wu1,
Qiong Wang2, Yin-Jing Lu1, Lan Bao2,3, and Xu Zhang1,3,*
1 Institute of Neuroscience and State Key Laboratory of Neuroscience, CAS Center for Excellence in Brain Science, Shanghai Institutes for Biological Sciences,

Chinese Academy of Sciences, Shanghai 200031, China
2 State Key Laboratory of Cell Biology, Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences,

Shanghai 200031, China
3 School of Life Science and Technology, ShanghaiTech University, Shanghai 201210, China

* Correspondence to: Xu Zhang, E-mail: xu.zhang@ion.ac.cn

Fibroblast growth factor (FGF) 7, a member of FGF family, is initially found to be secreted from mesenchymal cells to repair epithelial

tissues. However, its functions in the nervous system are largely unknown. The present study showed that FGF7 was a neuromodulator

localized in the large dense-core vesicles (LDCVs) in nociceptive neurons. FGF7 was mainly expressed in small-diameter neurons of the

dorsal root ganglion and could be transported to the dorsal spinal cord. Interestingly, FGF7 was mostly stored in LDCVs that did not

contain neuropeptide substance P. Electrophysiological recordings in the spinal cord slice showed that buffer-applied FGF7 increased

the amplitude of excitatory post-synaptic current evoked by stimulating the sensory afferent fibers. Behavior tests showed that intra-

thecally applied FGF7 potentiated the formalin-induced acute nociceptive response. Moreover, both acute and inflammatory nocicep-

tive responses were significantly reduced in Fgf7-deficient mice. These results suggest that FGF7 exerts an excitatory modulation of

nociceptive afferent transmission.
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Introduction

Fibroblast growth factor (FGF) 7 is a member of FGF family, and its

high affinity receptor is FGFR2b (Rubin et al., 1989; Miki et al.,

1992). Previous studies suggest that FGF7 plays a role in the regu-

lation of epithelial homeostasis in adult organs, particularly during

epithelial protection and repair (Finch and Rubin, 2004). FGF7 has

already been clinically used in the patients who suffer from oral

mucositis resulting from cancer chemoradiotherapy (Spielberger

et al., 2004). In the nervous system, FGF7 has been identified to

act as target-derived presynaptic organizer in the hippocampal

neurons (Terauchi et al., 2010). Our previous studies also found

that the level of FGF7 mRNA (Fgf7) was upregulated in the dorsal

root ganglion (DRG) neurons after peripheral nerve injury (Li et al.,

2002; Xiao et al., 2002). However, the functions of FGF7 in the som-

atosensory circuits remain largely unknown.

In neurons, there are two secretory pathways, namely the consti-

tutive secretory pathway for transport of growth factors and extra-

cellular matrix proteins, and the regulated secretory pathway for

transport of neurotransmitters and neuromodulators. Large dense-

core vesicles (LDCVs) are major secretory vesicles of the regulated

secretory pathway in neurons. Exocytosis of LDCVs is often trig-

gered by extracellular stimulations that increase the intracellular

Ca2+ level, leading to the release of their contents and the cell

surface expression of the membrane proteins of LDCVs. In small

DRG neurons, neuropeptides such as substance P and calcito-

nin gene-related peptide (CGRP) are packaged into LDCVs for

Ca2+-dependent secretion in response to noxious stimulations

(Ma et al., 2008; Zhang et al., 2010; Gondre-Lewis et al., 2012).

Moreover, many receptors, ion channels and other signaling mole-

cules are associated with the membrane of LDCVs in small DRG

neurons, enabling stimulus-induced membrane insertion (Wang

et al., 2010; He et al., 2011; Zhao et al., 2011; Zhang et al., 2015).

Under pathological conditions, altered secretion profile of LDCVs

may contribute to the development of chronic pain (Zhang et al.,

1998; Cahill et al., 2003; Hökfelt et al., 2003; Dolly and O’Connell,

2012). Analyzing the composition of these vesicles (Zhao et al.,

2011) and studying the functions of LDCV contents are important

for the understanding of nociceptive mechanisms. Although FGF7

is known as a secretory protein (Zhang et al., 2012), its subcellular

localization and secretory pathway are unclear. Therefore, it was

interesting to examine thesubcellular distribution of FGF7 in thenoci-

ceptive neurons.
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In the present study, we found the LDCV localization of FGF7 in

small DRG neurons. FGF7 could enhance the excitatory synaptic

transmission, and potentiate the formalin-induced nociceptive re-

sponse. Moreover, FGF7 gene knockout (Fgf72/2) mice displayed

defects in both acute and inflammatory nociceptive responses.

These results suggest that FGF7 acts as an excitatory modulator

in nociceptive afferent transmission.

Results

FGF7 expression in the sensory system

To study whether FGF7 had potential functions in the nervous

system, we firstly examined the distribution pattern of Fgf7 tran-

scripts in mice using reverse transcription–polymerase chain reac-

tion (RT–PCR). Total RNAs from DRG, dorsal spinal cord, and two

brain regions, hippocampus and cerebellum, in which FGF7 mRNA

has been detected previously (Umemori et al., 2004; Terauchi

et al., 2010), were analyzed. We observed a relatively higher level

of FGF7 mRNA in the DRG and cerebellum with real-time PCR

(Figure 1A). Similar results were obtained using semi-quantitative

PCR (Figure 1A). Then, by using in situ hybridization with the specific

cRNA probe against Fgf7, we examined the cellular distribution of

FGF7 mRNA in lumbar (L) 4 and L5 DRGs, and found that Fgf7 was

expressed in DRG neurons (Figure 1B). Analysis of cell-size distribu-

tion showed that most of these neurons were small DRG neurons,

with a peak cross-section area from 300 to 500 mm2 (Figure 1B).

The hybridization signal in the neurons was specific, because the

cytoplasmic Fgf7 signal detected by antisense probe was not

shown by the sense probe (Supplementary Figure S1A) and could

be abolished by treatment with RNase A (Figure 1B).

Next,we used immunostaining to further localize FGF7 protein. We

obtained three lines of evidence for the specificity of FGF7 antibody.

First, COS-7 cells transfected with the plasmid expressing FGF7-myc

could be immunostained with this antibody (Supplementary Figure

S1B). Second, immunoblottingshowed that the antibody recognized

both the purified FGF7 and the exogenously expressed FGF7-myc

(Supplementary Figure S1C). Thirdly, the immunostaining pattern

in the DRG was abolished by the antibody pre-absorption with the

corresponding antigen (Supplementary Figure S1D). Using this

FGF7 antibody, we found that the FGF7 was mainly distributed in

small DRG neurons (Figure 2A), consistent with the result of in situ

hybridization. Small DRG neurons are often classified into the pepti-

dergic subset and isolectin B4 (IB4)-positive (non-peptidergic) sub-

set. FGF7 was distributed in both subsets, �55% of FGF7-positive

neurons contained neuropeptide CGRP (757/1377) and �54%

Figure 1 FGF7 mRNA is present in DRG neurons of mice. (A) Both real-time PCR (left) and semi-quantitative PCR (right) showed the presence of FGF7

mRNA in the DRG. Gapdh was used as control. (B) In situ hybridization showed that FGF7 mRNA was mainly present in small DRG neurons of mice.

The hybridization signal in the section of DRG was abolished by the pretreatment with RNase A (100 mg/ml). The histogram showed the size dis-

tribution of Fgf7-positive neurons and total neurons. Scale bar, 100 mm.
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of FGF7-positive neurons could be labeled by IB4 (953/1762)

(Figure 2A).

The signaling of nociceptive stimuli is transmitted into the dorsal

horn of spinal cord through thinly myelinated Ad or unmyelinated C

afferent fibers of small DRG neurons. To study the afferent trans-

port of FGF7, we ligated L4 and L5 dorsal roots to block protein

transport in the primary afferent fibers. FGF7 was accumulated in

the nerve fibers in the proximal portion of the dorsal roots, similar

to CGRP (Figure 2B), suggesting that FGF7 is transported to the

central terminals in the dorsal spinal cord. However, we failed to

detect any FGF7 staining in the afferent terminals in the dorsal horn

of spinal cord. The expression and distribution pattern of FGF7 in

the DRGs of mice were similar to that of rats (Supplementary Figure

S2). Thus, the distribution of FGF7 suggests a potential role of FGF7

in somatosensation, especially in nociception.

Subcellular distribution of FGF7

We further examined the subcellular distribution of FGF7 in noci-

ceptive afferent neurons. FGF7-immunoreactive vesicular struc-

tures were observed in the cytoplasma of small DRG neurons

(Figure 3A). To further characterize the vesicular structure positive

for FGF7, we used two-step sucrose-gradient centrifugation to

separate different population of vesicles from the spinal dorsal

horn of mice (Figure 3B). Chromogranin B (CGB) induces the bio-

genesis of LDCVs (Huh et al., 2003; Gondre-Lewis et al., 2012),

and serves as a marker of LDCVs. We observed that FGF7 mainly

appeared in the LDCV fractions labeled by CGB and CGRP

(Figure 3B). Moreover, at the ultrastructural level, immunogold la-

beling of FGF7 was associated with LDCVs in the axonal terminals in

the dorsal spinal cord (Figure 3C), consistent with the result of ves-

icular fraction analysis.

To further confirm the LDCV localization of FGF7, we co-transfected

PC12 cells and cultured DRG neurons with the plasmids expressing

FGF7-myc and CGB-green fluorescent protein (CGB-GFP). Double

immunostaining with antibodies against myc, GFP, or FGF7 showed

that FGF7 was largely localized at the CGB-positive vesicles (Figure

3D and E), indicating that FGF7 is indeed localized in LDCVs.

A recent study found that LDCVs in small DRG neurons could be

classified into two distinct subsets, substance P-positive subsets

containing CGRP and substance P-negative LDCVs containing b1

adrenergic receptor (AR) (Zhao et al., 2011). We found that 73.2%

of FGF7-positive neurons contained b1 AR (1407/1921), whereas

only 22.4% of FGF7-positive neurons contained substance P (347/

1550) (Supplementary Figure S3). To further characterize FGF7-

Figure 2 FGF7 protein is distributed in both the cell bodies and afferent fibers of DRG neurons. (A) Double-immunofluorescent staining showed that

FGF7 was localized in both CGRP- and IB4-positive DRG neurons. Arrows indicate the examples of double-immunostained neurons. Scale bar,

50 mm. (B) One day after the dorsal root ligation, FGF7 was accumulated at the proximal (Prox) side, but not the distal (Dist) side, which was

similar to CGRP. Scale bar, 200 mm.

468 | Liu et al.

Downloaded from https://academic.oup.com/jmcb/article-abstract/7/5/466/965784
by ShanghaiTech University user
on 13 December 2017

http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv019/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv019/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv019/-/DC1


positive vesicles, we analyzed neurons that were double-positive for

FGF7 and substance P, or FGF7 and b1 AR. About 2.3% of FGF7-

positive vesicles (40/1715, 17 neurons) were stained for substance

P, while 13.8% of FGF7-positive vesicles (844/6131, 24 neurons)

were labeled byb1 AR (Figure 3F). Taken together, both biochemical

and cell biological evidence indicates the LDCV localization of FGF7

in nociceptive neurons, and the FGF7-containing LDCVs may re-

present an independent subpopulation of LDCVs in the neurons.

FGF7 facilitates nociceptive afferent neurotransmission

We then asked whether FGF7 could regulate the excitabilityofDRG

neurons and afferent neurotransmission. The frequency of action

potentials (AP) initiated by depolarizing ramp currents (0–200 pA,

1s) was unaffected by FGF7 treatment in dissociated DRG neurons

(Figure 4A). To further examine the effect of FGF7 treatment on the

synaptic transmission between primary afferent terminals and

spinal cord neurons, we used the whole-cell recording of the

dorsal root-attached spinal cord slices to analyze the excitatory post-

synaptic currents (EPSC) of the interneurons in the spinal lamina II,

which is a translucent band in the superficial dorsal horn of spinal

cord slice under the microscope. FGF7 treatment did not significantly

affect the frequency or the amplitude of spontaneous EPSC (sEPSC)

(Figure 4B). However, the buffer-applied FGF7 increased the ampli-

tudeof evoked EPSC (eEPSC) that wastriggered byelectrically stimu-

lating the afferent fibers in the dorsal root at 0.2 Hz (Figure 4C),

indicating that FGF7 facilitates the excitatory synaptic transmission

at the axon terminals in an activity-dependent manner.

Subcutaneous injection with formalin into the hindpaw could

induce acute nociceptive responses in both rats (flinching behavior

response) and mice (licking behavior response) (Dubuisson and

Dennis, 1977). We found that intrathecally (i.t.) applied FGF7 facili-

tated the acute nociceptive response induced by formalin in rats

(Figure 4D), whereas the formalin-induced response could be alle-

viated by intrathecal injection with the antibody against FGF7 to

neutralize the endogenous FGF7 (Figure 4E). These results of be-

havior tests were correlated with the effect of FGF7 on the afferent

synaptic transmission, suggesting that FGF7 facilitates the nocicep-

tive response.

Figure 3 FGF7 is localized at the LDCVs in DRG neurons and PC12 cells. (A) Immunostaining with FGF7 antibody showed that FGF7 was localized in

the vesicular structure of small DRG neurons. Scale bar, 10 mm. (B) Separation of different vesicles from the spinal dorsal horn of mice by two-step

sucrose-gradient centrifugation. FGF7 was mainly distributed in CGB and CGRP-containing LDCV fractions (indicated by red lines). (C)

Electromicrograph showed that immunogold labeling of FGF7 was associated with the LDCV (arrowhead) in the axonal terminal in the lamina II

of spinal cord. Scale bar, 50 nm. (D and E) PC12 cells (D) and small DRG neurons cultured from the rat DRGs (E) were co-transfected with the plas-

mids expressing FGF7-myc and CGB-GFP. Double-immunofluorescent staining with antibodies against GFP and myc or FGF7 showed that FGF7

could be localized in CGB-positive LDCVs. Scale bar, 10 mm. (F) FGF7 was rarely found in substance P-positive LDCVs, but could be co-localized

with b1 AR in some LDCVs. Scale bar, 10 mm. Insets in D, E, and F are high magnification of the area within white box.
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Furthermore, we designed specific primers against Fgfr2b and

found that FGFR2b mRNA could be detected in the dorsal spinal cord

of mice, with a relatively lower level in the DRG (Supplementary

FigureS4A).However, intrathecal treatmentwithFGF7didnotchange

basal thermal threshold of rats (Supplementary Figure S4B), consist-

ent with the notion that FGF7 effect is activity-dependent. We also

performed formalin test after intraplantar (i.p.l.) injection with

FGF7 and found that formalin-induced behavior response of rats

was not affected by the peripheral treatment (Supplementary

Figure S4C), suggesting that FGF7 regulates nociceptive responses

at the spinal cord level.

Fgf7-deficient mice display defects in both acute and

inflammatory nociceptive responses

Then, the FGF7 function was confirmed by using the Fgf72/2

mouse in which FGF7 is truncated and loses functions (Ron et al.,

1993). We indeed found that the mRNA encoding the signal peptide

and at least 70 amino acids in the N-terminus of FGF7 was absent,

while the 3
′ region of FGF7 mRNA still existed (Supplementary

Figure S5C). Previous studies showed that the development of

Fgf72/2 mice was basically normal (Guo et al., 1996). We exam-

ined the morphology of the DRG and spinal cord of mutant mice,

as well as the expression of various molecular markers of DRG

neurons and their distribution in the afferent fibers in the dorsal

horn of spinal cord. There were no marked differences between

wild-type (Fgf7+/+) and Fgf72/2 mice (Supplementary Figure

S6). Fgf72/2 mice also showed normal performances in the accel-

erating rotarod test and the open field test, indicating their normal

motor functions (Supplementary Figure S5D and E).

We next asked whether the deficiency of Fgf7 could influence

the nociceptive behavior. We firstly used thermal and mechanical

stimuli to test acute nociceptive thresholds of Fgf72/2 mice.

Although there were no differences between Fgf72/2 and

Fgf7+/+ mice in hot plate and von Frey test (Supplementary Figure

S5F and G), Fgf72/2 mice displayed longer latency in tail flick

assay at 528C (Figure 5A), which mainly represents the spinal reac-

tion to the noxious heat. Thus, FGF7 may regulate the baseline of

thermal nociceptive responses. We also found that the phase II of

formalin-induced response was significantly reduced in Fgf7-

deficient mice (Figure 5B). Furthermore, Complete Freund’s

Adjuvant (CFA)-induced thermal hyperalgesia and mechanical

allodynia were significantly alleviated in Fgf72/2 mice compared

with Fgf7+/+ mice (Figure 5C and D). We noticed that the extent of

difference between Fgf7+/+ and Fgf72/2 mice was kept similar

before and during the inflammation, suggesting the association

between FGF7 effects on the baseline of thermal nociception

and the inflammation-induced thermal hyperalgesia. These

results suggest that both acute and persistent inflammatory

pain is enhanced by FGF7 expressed in the nociceptive afferent

neurons.

Figure 4 FGF7 enhances the afferent synaptic transmission and formalin-induced nociceptive response. (A) Whole-cell patch-clamp recording

showed that FGF7 treatment (100 ng/ml) did not affect the frequency of APs triggered by current injection in small neurons (n ¼ 10) dissociated

from rat DRGs. (B) Whole-cell recording in the lamina II neurons (n ¼ 11) in spinal cord slices of rats showed that sEPSCs were not significantly

changed by FGF7 treatment (100 ng/ml). (C) The recording traces showed that the amplitude of eEPSC induced by stimulating the dorsal root

at 0.2 Hz was increased after treatment with FGF7 (100 ng/ml) and returned to the basal level after washout. The histogram showed the statistical

analysis of the data (n ¼ 8 neurons among 14 recorded ones). (D and E) In the formalin test of rats, 0–10 min was considered to be phase I and 10–

50 min was phase II. Intrathecal treatment with FGF7 (0.5 mg, n ¼ 11 for both groups) enhanced the nociceptive response (P , 0.001, two-way

ANOVA between vehicle and FGF7 treatment) with more nociceptive responses in the phase II, whereas native FGF7 antibody (Ab, 1 mg, n ¼ 10

for vehicle, n ¼ 11 for boiled Ab, n ¼ 8 for native Ab) reduced the response (P , 0.001, two-way ANOVA between boiled and native Ab) with

less nociceptive responses in the phase II. *P , 0.05 and **P , 0.01 versus control for FGF7 treatment or boiled Ab for FGF7 antibody treatment.

Error bars indicate SEM.
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Discussion

The present study reveals that FGF7 synthesized in nociceptive

afferent neurons is transported mainly via LDCVs to the central

terminals. This could be a cellular mechanism for FGF7 to facilitate

the excitatory afferent transmission and enhance both acute and

persistent nociceptive responses. Thus, FGF7 is an excitatory

modulator in the spinal nociceptive circuit.

Our previous study showed the existence of FGF7 mRNA in

rat DRG neurons and upregulation of FGF7 expression after periph-

eral nerve injury (Li et al., 2002; Xiao et al., 2002). This finding has

been confirmed by recent RNA sequencing study (Perkins et al.,

2014). In the present study, FGF7 mRNA was also detected in the

mouse DRGs by real-time PCR. Furthermore, in situ hybridization

showed that Fgf7 was mainly expressed in small DRG neurons.

However, the Allen brain atlas could not detect FGF7 mRNA in the

DRGs of P4 mice (http://mousespinal.brain-map.org/imageseries/

show.html?id=100003765). Therefore, more detailed analysis with

careful probe design and proper experimental conditions are

required for detecting individual genes in the tissue, although the

large-scale detection may provide a global view of gene expression.

We found a relatively high level of FGF7 mRNA in the DRG and cere-

bellum, consistent with previous reports showing the expression of

FGF7 in the hippocampus and cerebellum (Umemori et al., 2004;

Terauchi et al., 2010).

Since the presence of substance P in small DRG neurons was

reported, the expression, localization, and function of many neuro-

peptides and secretory proteins in these neurons under normal and

pathological pain conditions were extensively studied (Hökfelt

et al., 1994; Salio et al., 2005). Following peripheral inflammation

or nerve injury, changes in the expression profile of neuropeptides

and secretory proteins in primary afferent neurons may contribute

to the development of chronic pain (Hökfelt et al., 2003; Lin et al.,

2011; Dolly and O’Connell, 2012). In the present study, both bio-

chemical and morphological evidence showed the LDCV localiza-

tion of FGF7 in small DRG neurons. Particularly, the LDCV

localization of FGF7 was proved by co-localization of the LDCV

marker, CGB (Huh et al., 2003; Gondre-Lewis et al., 2012), with

the exogenously expressed FGF7 in the LDCVs of transfected

PC12 cells and cultured DRG neurons. Previous study reported

the existence of different subpopulations of LDCVs with distinct

cargoes in small DRG neurons, such as b2 AR in the substance

P-positive LDCVs and b1 AR in the substance P-negative LDCVs

(Zhao et al., 2011), suggesting the differential functions of

LDCVs. However, the secretory substances in the substance

Figure 5 Formalin- and CFA-induced nociceptive responses are reduced in Fgf72/2 mice. (A) Tail flick test showed that the thermal latency of

Fgf72/2 mice at 528C was longer than that of Fgf7+/+ mice (n ¼ 26 for Fgf7+/+ and n ¼ 18 for Fgf72/2). (B) The formalin-induced response

was significantly reduced in Fgf72/2 mice (2% formalin; n ¼ 21 for Fgf7+/+ and n ¼ 15 for Fgf72/2; P , 0.01, two-way ANOVA between

Fgf7+/+ and Fgf72/2 mice) with less nociceptive responses in the phase II (phase I: 0–10 min, phase II: 10–40 min). (C and D) The

CFA-induced thermal hyperalgesia (n ¼ 5 for both Fgf7+/+ and Fgf72/2) (C) and mechanical allodynia (n ¼ 5 for Fgf7+/+ and n ¼ 7 for

Fgf72/2) (D) were significantly alleviated in Fgf72/2 mice (P , 0.05, two-way ANOVA between Fgf7+/+ and Fgf72/2 mice). Pre-CFA indicates

the basal threshold before CFA injection. *P , 0.05 and ***P , 0.001 versus Fgf72/2 mice. Error bars indicate SEM.
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P-negative LDCVs have not been identified. The present finding of

FGF7 in the substance P-negative LDCVs provides the first evidence

for the secretory contents in that subpopulation of LDCVs.

In this study, we also found that although �73% of FGF7-positive

DRG neurons contained b1 AR, only �14% of FGF7-containing

LDCVs were b1 AR-positive. Co-localization of b1 AR and FGF7 in

a fraction of LDCVs suggests that the release of FGF7 and the

plasma membrane insertion of b1 AR could be coupled when the

exocytosis of these LDCVs occurs. The deregulation ofb-adrenergic

activity could result in chronic pain, and the intradermal treatment

with epinephrine, the endogenous ligand for b-ARs, could induce

pain hypersensitivity (Coderre et al., 1990; Khasar et al., 1999).

Previous studies mainly focused on the roles of b2 AR and b3 AR

in the nociceptive neurotransmission (Hartung et al., 2014). The

functions of b1 AR remain to be investigated. Co-localization of

b1 AR in some FGF7-containing LDCVs suggests that peripheral sti-

mulations could induce FGF7 release and regulate the adrenergic

signaling through the coupled membrane insertion of b1 AR.

Previous studies showed changes in the expression of growth-

associated factors after nerve injury (Ji et al., 1995; Li et al.,

2002; Xiao et al., 2002; Lin et al., 2011) and their roles in the devel-

opment of neuropathic pain (Coull et al., 2005; Madiai et al., 2005;

Yamanaka et al., 2007; Furusho et al., 2009). The present study

showed that FGF7 was expressed in small DRG neurons and modu-

lated both acute and inflammatory nociceptive responses. Although

we failed to immunostain FGF7 in the afferent terminals in the

dorsal horn of spinal cord, the accumulation of FGF7 in the

ligated dorsal root indicates that FGF7 could be transported to

the central axon terminals. A high level of Fgfr2b was present in

the dorsal horn of spinal cord, suggesting that FGF7 released

from the afferent terminals could act at the local cells. It is also pos-

sible that FGF7 presynaptically regulates neurotransmission, since

a relatively low level of Fgfr2b was found in the DRG. However, the

specific antibody against FGFR2b is not available. Therefore, the

cellular localization of FGF7 receptors in the DRG and spinal cord

remains to be studied.

Behavior tests showed that the basal level of thermal nociceptive

response and the inflammation-induced thermal and mechanical

nociceptive hypersensitivity were partially reduced in Fgf7-deficient

mice, suggesting an important role of the endogenous FGF7 in the

regulatory mechanism of pain. Tail flick test and Hargreaves test

often refer to the spinal responses to noxious thermal stimuli.

The results of both tail flick test and Hargreaves test showed the

effect of FGF7 on the basal level of thermal response, suggesting

the spinal function of FGF7. Hot plate test represents the functions

mediated mainly by the supraspinal regulatory system. Together

with the results of tail flick test and Hargreaves test in Fgf7-deficient

mice, the negative result of hot plate test also supports that FGF7

mainly acts at the spinal cord level. Such an effect of FGF7 could

be associated with the inflammation-induced thermal hyperalgesia.

The regulatory mechanism of FGF7 in the inflammation-induced

mechanical nociceptive hypersensitivity remains to be further

investigated.

We conclude that FGF7 is expressed in sensory afferent neurons

and localized in a unique subpopulation of LDCVs. FGF7 functions

as a neuromodulator to facilitate the excitatory afferent neuro-

transmission, and enhance both acute and inflammatory nocicep-

tive responses. Thus, FGF7 is an excitatory modulator released

from nociceptive afferent neurons via LDCVs. Inhibition of the

FGF7 signaling in the nociceptive circuit may contribute to a poten-

tial strategy for inflammatory pain therapy.

Materials and methods

Animals

All experiments were approved by the Committee of Use of

Laboratory Animals and Common Facility, Institute of Neuroscience,

Chinese Academy of Sciences. Male Sprague Dawley (SD) rats and

C57BL/6 mice were provided by Shanghai Laboratory Animal Center

(Shanghai, China) and housed under a 12-h light/dark cycle at

228C–268C. Fgf72/2 mice were purchased from the Jackson

Laboratory and generated as previously described (Guo et al.,

1996). Briefly, a targeting vector containing a neomycin-resistant

gene was used to disrupt the exon 2 region of Fgf7 gene

(Supplementary Figure S5A). The genotyping primers are listed in

Supplementary Table S1.

RT–PCR

Total RNAs (2 mg) from various tissues were reverse transcribed

with SuperScript II reverse transcriptase (Invitrogen). Primers for

mouse Fgf7, Fgfr2b, and Glyceraldehyde-3-phosphate dehydro-

genase (Gapdh) genes (Supplementary Table S1) were used to

perform real-time PCR experiments with SYBR Premix Ex Taq II Kit

(Takara). The mRNA level of Fgf7 and Fgfr2b were normalized to

Gapdh. Primers for the 5
′ and 3

′ region of mouse Fgf7 and Gapdh

(Supplementary Table S1) were used to perform semi-quantitative

PCR with Ex Taq DNA Polymerase Kit (Takara). The PCR products

were separated on 1.2% agarose gels and photographed under

UV illumination.

In situ hybridization

The experiment was performed according to our previous protocol

(Wang et al., 2010). DNA fragments were amplified with PCR primers

(Supplementary Table S1) for mouse Fgf7 (NM_008008) and incor-

porated into pGEM-T easy vector. Then the fragment was amplified

with T7/SP6 primers and transcribed into the digoxigenin-labeled

cRNA probe using SP6 (antisense) and T7 (sense) RNA polymerase

(Roche). Tissue sections pretreated with or without RNase A

(100 mg/ml) were used for both antisense and sense probes

(Wilcox, 1993). Specific signals with the antisense probe were

located in the cytoplasm, which was absent with the sense probe

and could be abolished by RNase A treatment (Figure 1B and

Supplementary Figure S1A). The nonspecific signal in the nucleus

generatedbythe sense probe could not beabolished byRNaseA pre-

treatment (Supplementary Figure S1A). To determine the size distri-

bution of neurons, the neuron profiles with a clear nucleus were

selected and the data were pooled from three mice.

Cell culture and transfection

PC12 cells were cultured in DMEM (GIBCO) containing 10% horse

serum and 5% fetal bovine serum. COS-7 and HEK293T cells were
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cultured in DMEM (GIBCO) containing 10% fetal bovine serum.

These cells were transfected with plasmids by 10 ml lipofectamine

2000 (Invitrogen) according to the manufacturer’s protocol (35-mm

dish) and cultured in medium containing serum for 2 days.

Immunohistochemistry/immunocytochemistry

Adult male rats and mice were fixed with 4% paraformaldehyde.

Cryostat sections of L4 and L5 DRGs and spinal cord segments were

stained with primary antibodies against FGF7 (1:400, R&D Sys-

tems), peripherin (1:2000, Chemicon), NF200 (1:2000, Sigma),

PKC-g (1:500, Santa Cruz), or NeuN (1:500, Chemicon), or with

CGRP (1:1000, Dia Sorin and AbD Serotec), substance P (1:500,

Neuromics), orb1-AR (1:400, Santa Cruz), and followed by second-

ary antibodies conjugated with FITC or/and Cy3 (1:100, Jackson

laboratory), or 10 mg/ml fluorescein-conjugated IB4 (Vector La-

boratories). Images from at least four rats were used to analyze

the distribution pattern of FGF7.

Cultured DRG neurons and PC12 cells co-transfected with the

plasmids expressing FGF7-myc and CGB-GFP were fixed with 4%

paraformaldehyde. These cells were stained with primary anti-

bodies against GFP (1:500, Roche) and myc (1:500, Sigma) or

FGF7 (1:400, R&D Systems), and followed by secondary antibodies

conjugated with FITC and Cy3, respectively. Images from the DRGs

of four rats were used to analyze the vesicle distribution pattern of

FGF7. Cultured COS-7 and HEK293T cells transfected with the plas-

mids expressing FGF7-myc were fixed and stained with primary

antibodies against myc (1:500, Sigma) and FGF7 (1:400, R&D

Systems) or FGF7 alone (1:200, Santa Cruz), and followed by sec-

ondary antibodies conjugated with FITC and Cy3, respectively.

Specificity of FGF7 immunostaining was tested by detection of

the exogenously expressed FGF7 and pre-absorption of antibodies

with 1 × 10
26 M corresponding immunogens (Supplementary

Figure S1B, D, and E).

Subcellular fractionation

The experiment was performed according to our previous protocol

(Zhao et al., 2011). Two continuous sucrose gradients ranged from

0.3 to 1.2 M and 0.6 to 1.6 M sucrose/4 mM HEPES (pH 7.4) were

used to separate different subcellular fractions from the spinal

dorsal horn of mice. Samples were analyzed by immunoblotting

with antibodies against FGF7 (1:500, R&D Systems), CGB (1:500,

Santa Cruz), CGRP (1:1000, Dia Sorin), or vesicle-associated mem-

brane protein 2 (VAMP-2; 1:2000, Synaptic Systems) to examine

the subcellular distribution profile of FGF7. Specificity of FGF7 im-

munoblotting was tested by detection of the purified FGF7 and the

exogenously expressed FGF7 (Supplementary Figure S1C).

Electron microscopy

Spinal cord sections from adult mice were processed for post-

embedding immunogold staining according to our previous proto-

col (Zhao et al., 2011). Briefly, mice were fixed with 4% paraformal-

dehyde containing 0.1% picric acid and 0.05% glutaraldehyde.

After post-fixation, L4 and L5 spinal cord was cut into 200-mm

slices, passed through 0.5% osmic oxide for 30 min, dehydrated,

embedded in Epon 812, and polymerized. The ultrathin sections

of the superficial dorsal horn were stained with antibodies

against FGF7 (1:100, Santa Cruz), and then with immunogold

(15 nm). Specificity of this FGF7 antibody was tested by detecting

the exogenously expressed FGF7 (Supplementary Figure S1E).

Electrophysiological recording

L4 and L5 DRG neurons of SD rats were acutely dissociated,

digested, andincubated in normal extracellularsolution (ECS) contain-

ing 150 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 10 mM

HEPES, and 10 mM glucose (pH 7.4). Whole-cell recordings were per-

formed on small DRG neurons (,30 mm) within 12 h after plating. The

pipette solution contained 153 mM KCl, 1 mM MgCl2, 10 mM NaCl,

10 mM HEPES, and 4 mM Na-ATP (pH 7.2). Depolarizing currents

were injected to the neuron to induce APs before or after treatment

with recombinant mouse FGF7 (100 ng/ml; R&D Systems) for 5 min

and washout. Datawere collected with an EPC-9 patch-clamp amplifier

and the Pulse software (version 8.31; HEKA Elektronik).

Spinal cord slice (400 mm in thickness) with or without an

attached dorsal root was made and perfused in oxygen-bubbled

Kreb’s solution to perform blind whole-cell recording (Nakatsuka

et al., 1999; Li et al., 2011). The composition of the pipette solution

was 135 mM K-gluconate, 0.5 mM CaCl2, 2 mM MgCl2, 5 mM KCl,

5 mM EGTA, 5 mM HEPES, and 5 mM glucose (all from Sigma).

Spontaneous EPSC or eEPSC was recorded by Axopatch 200B

(Molecular Devices), and analyzed using pCLAMP10.1 (Molecular

Devices). The stimuli generated by a constant-current stimulator

(Electronic Stimulator; Nihon Kohden) were delivered to the

dorsal root through a suction electrode to sufficiently recruit Ad-

and C-fibers. The responses were considered as monosynaptic in

origin when the latency remained constant and no failure during

stimulation at 20 Hz for the eEPSCs of Ad-fiber and at 2 Hz for the

eEPSCs of C-fiber (Yoshimura and Nishi, 1993; Ataka et al., 2000;

Luo et al., 2002; Lao et al., 2004; Li et al., 2011). The eEPSC was

recorded by stimulating the dorsal root at 0.2 Hz based on previous

studies (Nakatsuka et al., 1999; Ataka et al., 2000; Luo et al., 2002;

Lao et al., 2004; Li et al., 2011). The recorded neuron was stable in

six repeats of stimulation and lasted for at least 20 min when the

FGF7 treatment and washout were performed.

Behavior tests

All behavior tests were carried out blindly and followed the

guidelines of the International Association for the Study of Pain.

For the formalin test in adult (2 months) male SD rats, intrathecal

treatment with various drugs was done as previously described

(Liu et al., 2012). FGF7 antibody that was boiled for 10 min at

1008C was used as the negative control for the treatment of

native FGF7 antibody. Formalin (50 ml, 1.25% for FGF7 treatment

or 2.5% for FGF7 antibody treatment; Sigma) was injected subcuta-

neously into the dorsal surface of the left hindpaw with a 30 gauge

needle at 0.5 h after drug treatment. The rats were placed into the

chambers and their nociceptive responses were video-recorded for

1 h immediately after formalin injection. The number of flinch re-

sponse was counted during each 5-min interval for each rat. To

measure the basal thermal threshold of rats, the duration from

the onset of heat stimuli with a radiant heat stimulator
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(BME-410C; CAMS) to the occurrence of a hindpaw withdrawal

reflex, with a cutoff time of 20 sec, was calculated as the latency.

Behavior tests of adult Fgf7+/+ and Fgf72/2 mice (2.5–3

months for both male and female) were performed as previously

described (Li et al., 2011). Each mouse was tested for baseline

heat latency by immersing one-third of its tail in 528C water or

placing them on the hot plate of 508C, 528C, or 558C and recording

the time to response. Formalin (20 ml, 2%) was injected into the

plantar surface of the left hindpaw to test their tonic nociceptive

responses to chemical stimuli. The licking and lifting time of the

injected hindpaw during each 5-min interval for 40 min was

counted. Mechanical or thermal threshold was determined by

using von Frey filaments or the radiant heat stimulator (Hargreaves

Apparatus; Ugo Basile). For the von Frey test, we used filaments

with incremental stiffness (0.16, 0.4, 0.6, 1.0, 1.4, 2.0, and 4.0 g).

The hindpaw was perpendicularly touched by a filament to cause

slight buckling (5 sec) and tested for five times (5-min interval).

The withdrawal of the paw was recognized as a positive response.

The mechanical threshold of a mouse was the minimal stiffness of

the filament that induced the paw withdrawal with .50% occurrence

frequency. Mice were also tested with the accelerating rotarod (4–

40 rpm) and the open field test (total movement distance in 5 min).

The relative long-term behavior tests for the inflammation model

with CFA were carried out only for male Fgf7+/+ and Fgf72/2 mice

to avoid the estrogen influence. After testing the baseline thresh-

old, CFA (20 ml) was injected into the hindpaw to produce the in-

flammation model and the threshold was further tested for each

mouse as before.

Statistical analysis

Image-Pro Plus 5.0 software (Media Cybernetics, Silver Spring)

was used to analyze the images. Comparisons between two

groups were performed by unpaired or paired Student’s t-test.

Comparisons among multiple groups were performed using

two-way ANOVA with a post hoc Bonferroni’s test. Data are pre-

sented as mean+SEM. Differences were considered to reach stat-

istical significance when P , 0.05.

Supplementary material

Supplementary material is available at Journal of Molecular Cell

Biology online.
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