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Abstract

Neuronal activity regulated pentraxin (Narp) is a secreted protein implicated in regulating synaptic

plasticity via its association with the extracellular surface of AMPA receptors. We found robust

Narp immunostaining in dorsal root ganglia (DRG) that is largely restricted to small diameter

neurons, and in the superficial layers of the dorsal horn of the spinal cord. In double staining

studies of DRG, we found that Narp is expressed in both IB4- and CGRP-positive neurons,

markers of distinct populations of nociceptive neurons. Although a panel of standard pain

behavioral assays were unaffected by Narp deletion, we found that Narp knockout mice displayed

an exaggerated microglia/macrophage response in the dorsal horn of the spinal cord to sciatic

nerve transection 3 days after surgery compared with wild type mice. As other members of the

pentraxin family have been implicated in regulating innate immunity, these findings suggest that

Narp, and perhaps other neuronal pentraxins, also regulate inflammation in the nervous system.
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INTRODUCTION

Members of the pentraxin family of proteins are expressed in a variety of tissues and

mediate innate immunity and inflammation (Garlanda et al, 2005; Bottazzi et al, 2006). All
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members of this family share a conserved pentraxin domain but can be divided into two

subgroups called “short” and “long” pentraxins, with the latter containing N-terminal

extensions prior to the pentraxin domain located in their C-terminal portion. The prototypic

“short” pentraxin, C-reactive protein (CRP) is an acute phase reactant which precipitates

from human serum upon addition of the C-polysaccharide of pneumococcus (Tillet et al

1930, Marnell et al, 2005). PTX3, a “long” pentraxin, was originally identified as a novel

protein induced by tumor necrosis factor in human fibroblasts and later found to be

regulated by inflammatory cytokines in a number of cell types, including macrophages and

dendritic cells (Lee et al, 1990; Lee et al 1993). Three “long” pentraxins, Narp, NP1 and

NPR, are highly enriched in the nervous system, where they are selectively expressed in

neurons, and are therefore referred to as neuronal pentraxins. The neuronal pentraxins are

secreted at synapses, cluster AMPA receptors by binding to their extracellular surface and

have been implicated in synaptic plasticity and synaptogenesis (O’Brien et al., 1999; Xu et

al., 2003; Cho et al., 2008). However, it is unclear if neuronal pentraxins also play a role in

regulating immune function or if the function of this branch of the pentraxin family is

restricted to regulating AMPA receptor trafficking.

Although AMPA receptors are expressed ubiquitously throughout the nervous system,

individual neuronal pentraxins display highly heterogeneous patterns of expression. For

example, Narp is localized selectively to dentate granule cells in the hippocampus (Reti et

al., 2002b), to the anterdorsal nucleus in the thalamus (Reti et al., 2002a), and to a small

subset of neurons in the hypothalamus, including orexin and vasopressin neurons (Reti et al.,

2002c; Reti et al., 2008a). As part of a survey of Narp expression in the nervous system, we

identified Narp expression in dorsal root ganglia (DRG), where it appeared to be expressed

predominantly in small diameter neurons, characteristic of primary nociceptive neurons.

These neurons send axons to the dorsal horn of the spinal cord where they transmit

nociceptive signals by release of glutamate which acts on AMPA and other glutamate

receptor subtypes (Nagy et al, 2004). Enhanced AMPA receptor signaling in the spinal cord

has been implicated in pain sensitization (hyperalgesia) and allodynia in which benign

stimuli become painful (Tao, 2010). Accordingly, we evaluated the effect of deleting Narp

on acute and chronic models of mechanical, thermal, and inflammatory pain. Then, we

performed sciatic nerve transection, an injury known to induce robust glial activation in the

spinal cord, to assess differences in inflammatory response between Narp knockout (KO)

and control mice.

MATERIALS AND METHODS

Animals

Generation of Narp KO mice has been described elsewhere (Johnson et al., 2007; Reti et al.,

2008b). All control and KO mice used in these studies were generated by heterozygote

breeding pairs that had been backcrossed to C57BL/6 for five generations. Both male and

female mice were used between 9–14 weeks of age. Mice were used for all experiments

except the rhizotomy study which was conducted with Sprague–Dawley rats obtained from

Charles River (Wilmington, MA, USA). Rodents were maintained on a 12-h light/dark cycle

and were given access to food and water ad libitum. Experiments complied with the NIH
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guidelines for animal care and were approved by the Johns Hopkins University Institutional

Animal Care and Use Committee. Every effort was made to minimize the number of animals

used and their suffering.

Antibodies

The following primary antibodies were used: rabbit anti-Narp antibody (O’Brien et al.,

1999), guinea pig anti-CGRP (Peninsula Laboratories, San Carlos, CA), rabbit anti-Iba1

(Wako Chemicals USA Inc, Richmond, VA), rabbit anti-NF200 (Chemicon, Billeria, MA),

mouse anti-peripherin (Chemicon), and mouse anti-BrdU (Sigma-Aldrich, St. Louis, MO).

In addition, we used a fluorochrome-conjugated isolectin B4 lectin (IB4; Molecular Probes,

Carlsbad, CA) which binds non-peptidergic DRG neurons.

Immunoblot analysis

DRG were solubilized by sonication for 10s in a solution of 0.1% Triton X-100 with

protease inhibitors (aprotinin and leupeptin, each at 1 μg/mL, and 1 mM

phenylmethylsulphonyl fluoride) in PBS (pH - 7.4). Following sonication, samples were

spun down at 14,000xg in a microcentrifuge for 5 minutes at 4°C to remove insoluble

material. Protein concentrations were determined using amido black colorimetric protein

assay.

Solubilized DRG lysates were mixed with an equal volume of Laemmli Sample Buffer (Bio-

Rad; Hercules, CA). Equal concentrations of protein were separated by SDS-PAGE (10%

acrylamide) at 130V for 60 minutes. Proteins were electrophoretically transferred to

nitrocellulose paper. Blots were blocked with 3% nonfat milk in TBS and Tween-20 (TBS-

T; 20 mM Tris (pH -7.7), 137mM NaCl and 0.05% Tween-20) overnight at 4°C. Narp

antibody was diluted in blocking buffer (1:5000) and blots were incubated overnight at 4°C.

Blots were washed repeatedly (6 times) in TBS-T for 5 minutes. HRP-conjugated anti-rabbit

secondary antibody was diluted in blocking buffer and blots were incubated overnight at

4°C. Blots were washed in TBS-T for 5 minutes, 3 times, and then in TBS for 5 minutes, 3

times. Immunoblots were processed for protein visualization using enhanced

chemiluminescence (Amersham Pharmacia Biotech Inc; Piscataway, NJ) and exposed to

Biomax-MR film (Kodak; Rochester, NY).

Tissue section staining

Mice were anesthetized with chloral hydrate (400mg/kg, i.p., Sigma Aldrich) and perfused

via the left ventricle with 4% paraformaldehyde. The vertebral column containing spinal

cord and DRG was carefully dissected from each mouse and incubated overnight at 4°C in

4% paraformaldehyde before being switched to 25% sucrose made in PBS and allowed to

incubate for an additional 2 days. Tissue sections (20μm) were cut on a sliding microtome,

placed on frosted glass microslides, air dried, and washed in PBS. Sections were incubated

in 10mM sodium citrate (pH 8.5) in 80 C water bath for 30 minutes. They were then cooled

to room temperature and washed with PBS. Sections were blocked in 3% BSA and 0.3%

Triton-X 100 made in PBS for one hour before incubation overnight with primary antibodies

at the following dilutions: Narp (1:5000), CGRP (1:500), Iba1 (1:500), peripherin (1:1000),

NF200 (1:1000). Fluorochrome-conjugated IB4 lectin was used at 1:500. After washing in
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PBS, the sections incubated in primary antibodies were incubated with either a

fluorochrome-labeled (cy3; 1:200) or biotinylated secondary antibodies (1:500; Jackson;

West Grove, Pa) against the species in which the primary antibodies were generated. Slides

processed with antibody complexes containing fluorochrome-labeled secondary antibodies

or IB4 lectin were washed in PBS and cover-slipped. Antibody complexes containing

biotinylated secondary antibodies were further processed with avidin-linked biotinylated

peroxidase and exposed to tyramide for fluorescent visualization. For quantification of

double-labeling with Narp and either CGRP, IB4, peripherin or NF200, we used 3–6 mice

for each marker and ascertained the mean percentage of Narp–positive cells that stain for the

other marker based on 4 representative DRG sections from each mouse.

Electron microscopy

Immunogold studies of Narp localization were performed as described previously (Reti et

al., 2008a). Briefly, mice were perfused with 4% paraformaldehyde with 0.5%

glutaraldehyde and sections of tissue were frozen in liquid propane in a Leica CPC

cryopreparation chamber and then freeze-substituted into Lowicryl HM-20 in a Leica AFS.

Ultrathin sections on grids were incubated in 0.1% sodium borohydride plus 50 mM glycine

in Tris-buffered saline plus 0.1% Triton X-100 (TBST), followed by 10% normal goat

serum (NGS) in TBST. Both sides of the sections were then incubated with rabbit anti-Narp

(1/50–1/67) and guinea pig anti-CGRP (1/100) antibodies mixed together in 1% NGS/TBST

overnight at 4°C. After several washing and blocking steps, the secondary immunogold

antibodies (goat F(ab)2 anti-rabbit IgG:5 nm gold and goat anti-guinea pig IgG:15 nm gold;

BB International Gold, distributed by Ted Pella, Redding, CA, USA) in 1% NGS/TBST plus

0.5% PEG (20,000 MW) were applied to both sides of the sections for 1 hr at room

temperature. Finally, sections were stained with uranyl acetate and lead citrate. Figures were

processed in Adobe Photoshop with minimal use of levels; brightness and contrast were

employed uniformly over the images. Omission of primary antibodies yielded negligible

staining.

Hot-water tail immersion test

Noxious thermal stimulation was produced by immersing the tip of the mouse tail into a hot-

water bath. The hot-water bath was adjusted to maintain a temperature of 50.0°C ± 0.2.

After allowing acclimation in a clean cage identical to the home cage for a period of 30

minutes, the posterior one-third of the tail of each animal was immersed in the water bath

until rapid removal of the tail was observed, signifying a pain response. The cut-off time

was 15 seconds to avoid tissue damage.

Hargreaves model of thermal hyperalgesia

Thermal hyperalgesia was measured in a manner similar to that described by Hargreaves et

al. (1988). After allowing acclimation atop a glass surface underneath 5 cm x 15 cm

plexiglass containers, the plantar surface of the hind paw of each mouse was exposed to a

high-intensity projector light source before and after injection of 3μl, 6μl, and 12 μl of 1:1

solution of Complete Freund’s Adjuvant (CFA) and normal saline. The light source was

directed onto the plantar surface of the hindpaw until withdrawal was observed, signifying a
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pain response. Cutoff time was 20 seconds to avoid tissue damage. Measurements were

performed 24 hours before, and 1, 24, 48, 72 and 96 hours after injection of CFA.

Hotplate Test

Hotplate testing was performed in a manner similar to that described by Woolfe and

MacDonald (1944). The plate was adjusted to maintain a temperature of 54.0°C ± 0.2. After

allowing acclimation outside the home cage for 30 minutes, each animal was placed

individually onto the surface of the hotplate until the animal licked its paw, noticeably

flinched its paw or jumped, signifying a pain response. Cut-off time was 30 seconds to avoid

tissue damage.

Spared Nerve Injury

Under ketamine-xylazine anesthesia, the skin on the lateral surface of the thigh was shaved.

After a small incision was made in the skin, blunt dissection of the biceps femoris muscle

was used to expose the sciatic nerve and its three terminal branches: the sural, common

peroneal and tibial nerves. The spared nerve injury consisted of severing the common

peroneal and tibial nerves while leaving the sural nerve intact, taking care not to damage or

stretch the sural nerve. Muscle was closed with 5.0 silk and the skin was closed with a single

staple.

Mechanical allodynia

Mechanical allodynia was assessed in a manner described by Descosterd and Woolf (2000).

After placing mice on an elevated wire grid and allowing acclimation for 30 minutes, the

medial and lateral plantar surfaces of the hind paw were stimulated with a series of von Frey

monofilaments with ascending force beginning at 0.002 g. The paw withdrawal threshold

was the lowest force that elicited a paw withdrawal to one of five applications of the von

Frey filaments.

Sciatic nerve transection

Under ketamine-xylazine anesthesia the skin on the lateral surface of the thigh was shaved

and incised. Blunt dissection was performed through the biceps femoris muscle to expose

the common sciatic nerve. The sciatic nerve was severed and a 0.5 mm segment was

removed to prevent the two nerve ends growing together. Muscle was closed with 5.0 silk

and the skin was closed with a single staple. Control mice were shaved and an incision was

made over the thigh. However, the sciatic nerve was not exposed and the wound was closed

with a single staple. Mice were sacrificed either approximately 48 or 72 hours after surgery.

Quantification of microglia/macrophage activation

For quantifying microglia/macrophage activation, we used the proportional area method

(Donnelly et al., 2009; Fatemi et al., 2011) to determine the proportion of the ventral or

dorsal horn that was Iba1-positive. In addition, we also monitored Iba1-positive cell counts

in these regions. Firstly, the L4 -5 spinal cord segment from littermate pairs was identified

by following root filaments of the L4 through L6 dorsal root ganglia. Spinal cord sections

from each littermate pair were placed on either end of a single slide and processed for Iba1
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immunohistochemistry. A representative section was chosen from each animal and

microglia/macrophage quantification was performed blind to genotype. Whole spinal cord

sections were visualized through a 5x objective and digitally captured by a Zeiss microscope

fitted with a Retiga 2000R camera (QImaging Surrey, BC Canada) for quantification by the

Iba1-positive proportional area method. To quantify cell numbers, we used a 20x objective

to visualize cells in the dorsal and ventral horns. Images were captured using IPLab

(Scanalytics Inc., Rockville, MD) and quantified using MCID Core (Interfocus Imaging Ltd,

Linton, Cambridge, England). To quantify using both the Iba1-positive proportional area

method and cell counts, we used an identical sized rectangle just large enough to encompass

the dorsal or ventral horns. Each image from the littermate pair was subjected to identical

contrast adjustment so that cells were clearly visible in both sections.

To apply the proportional area method to quantify Iba1 staining, we first determined the

threshold level of intensity below which is considered background and above which is

categorized as Iba1-positive staining. Threshold was determined using images of the

contralateral ventral horn, the area which had the lowest Iba1 staining making it easier to

distinguish between background and Iba1-positive pixels. To determine the threshold for

Iba1-postive staining, all the pixels above a given intensity value were highlighted. This

intensity value was adjusted to find the highest value at which all the pixels that were clearly

part of microglia/macrophage profiles were included. In this way, threshold values were

determined for the sections from each littermate pair. The average threshold value obtained

for each littermate pair using the contralateral ventral horn was then applied to images from

the other three areas (ipsilateral dorsal and ventral horns, contralateral dorsal horn) analyzed

in sections from that littermate pair. The staining intensity in the sections from naive mice

was separately quantified in the same manner, using the ventral horn as reference for the

threshold.

To threshold the images used to quantify cell counts, we used the ipsilateral dorsal horn

which had the highest intensity staining, so that we could easily distinguish cells in these

images. As above, threshold was set as the highest intensity value such that all Iba1-positive

cell bodies were included. Once threshold values for each of the two sections from each

littermate pair were obtained, the average threshold value was applied to both images. Dots

consisting of fewer than forty pixels were excluded to help distinguish individual cells.

Images of the ipsilateral ventral horn, contralateral dorsal horn, and ventral horn were

processed in the same manner using thresholding established for the ipsilateral dorsal horn.

The cell counts in the sections from naive mice were separately quantified in the same

manner, using the dorsal horn as reference for the threshold.

Analysis of microglia/macrophage proliferation

To label proliferating microglia/macrophages in the spinal cord after sciatic nerve

transection, we used the thymidine analogue 5-bromo-2’-deoxyuridine (5-BrdU, Sigma-

Aldrich). The mice received an intraperitoneal injection of BrdU (100mg/kg, 20mg/ml in

10% DMSO) immediately before sciatic nerve transection. Following surgery, the mice

were injected with BrdU daily for three days, including two hours before perfusion. The L4–

5 spinal cord sections were made as described above.
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For double-label immunohistochemistry, sections were first pre-treated with 50%

formamide in 2x standard saline citrate (SSC) in 65 C water bath for 2 hours, followed by 30

minutes in 2N HCl at 37 C and 10 minutes in 0.1M sodium borate buffer. They were

blocked in 1% BSA + 0.3% Triton-X 100 + 3% normal donkey serum made in TBS for one

hour. Sections were incubated overnight in antibodies against Iba1 (1:500) and BrdU

(1:1000). Staining was completed as described above.

The ipsilateral dorsal and ventral horns were visualized through a 10x objective and digitally

captured by a Zeiss microscope equipped with AxioCam MRm. As for quantifying

microglia/macrophage activation, we used an identical sized rectangle over each section just

large enough to encompass the ventral or dorsal horns. One representative section from each

animal was selected for quantifying what percent of Iba1-positive cells were also positive

for BrdU in the dorsal and ventral horns ipsilateral to the lesion. The contralateral dorsal and

ventral horns had negligible numbers of BrdU-positive cells which were not quantified.

Quantification of monocyte chemotactic protein-1 (MCP-1)

Mice were sedated with chloral hydrate (400 mg/kg, i.p., Sigma-Aldrich) and then

decapitated with a small animal guillotine. After rapid identification and removal of the L4-

L6 spinal cord segment, it was frozen on dry ice, and stored at -80°C. Total RNA from the

harvested tissue samples was extracted in an RNase-free environment using Qiagen

miRNeasy Mini Kit (Qiagen; Valencia, CA) and was quantified by Nanodrop (Johns

Hopkins Deep Sequencing & Microarray Core Facility; Baltimore, MD). Total RNA

(100ng) was converted into cDNA with oligo(dT)20 primers in 20 μL reactions using the

iScript Select cDNA Synthesis Kit (Bio-Rad). Subsequent quantitative real-time polymerase

chain reaction (qPCR) was performed with iQ SYBR® Green Supermix (Bio-Rad) on an iQ

Multicolor Real-Time PCR Detection System (Bio-Rad). To normalize samples, we

monitored levels of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). The primer sequences were MCP-1 forward (gtccctgtcatgcttctggg), MCP-1

reverse (tgaggtggttgtggaaaaggtag), GAPDH forward (tgtgtccgtcgtggatctga) and GAPDH

reverse (cctgcttcaccaccttcttga). For each animal, the cDNA from a single reverse

transcription reaction was used for both MCP-1 and GAPDH quantification. All samples

were run in triplicate and the average threshold cycle (C) for GAPDH was subtracted from

that for MCP-1 in each animal.

RESULTS

Expression of Narp in dorsal root ganglia and spinal cord dorsal horn

We observed robust Narp staining in a subpopulation of DRG neurons (figure 1A). Staining

was almost completely confined to small and medium sized neurons. Consistent with Narp

expression in primary nociceptive neurons in DRG and with previous studies demonstrating

that Narp is selectively targeted to axons (Reti et al., 2002b,c), we also found strong Narp

staining in laminae I and II of the dorsal horn (figure 1B). In addition, we noted a few,

scattered Narp cell bodies in deeper layers of the dorsal horn.
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To assess the specificity of this staining pattern, we processed DRG and spinal cord sections

from WT and Narp KO mice for immunostaining in parallel. In contrast to the striking

heterogeneous pattern of Narp staining observed in DRG and spinal cord sections from WT

mice, corresponding sections from Narp KO mice display a low level of diffuse staining,

presumably reflecting increased non-specific staining in KO sections (figure 1A’ and 1B’).

To investigate the specificity of the Narp antibody used for immunostaining studies, we also

processed DRG lysates from WT and KO mice (figure 1C). Narp forms high molecular

weight (>400 kD), SDS-resistant, complexes which are made up of aggregates of hexameric

complexes (O’Brien et al., 1999; Reti and Baraban, 2000). DRG immunoblotting reveals a

robust, slowly migrating band that corresponds to high molecular weight Narp aggregates

which is completely absent in KO lysates.

Dorsal rhizotomy reduces Narp staining in dorsal horn

To assess whether Narp staining in the dorsal horn reflects expression in terminals of

nociceptive afferent neurons, we checked whether rhizotomy would reduce Narp staining in

the dorsal horn of rat. Accordingly, we performed rhizotomy at levels L4 to L6 and then

processed spinal cord sections for immunostaining 14 days later, to allow for clearance of

degenerated terminals. This procedure reduced the level of Narp staining in the dorsal horn

at L5 on the side ipsilateral to surgery (figure 1D). As a positive control, we processed

sections for CGRP staining, which is also reduced, as expected (figure 1D’). In contrast, the

T12 segment of the spinal cord showed comparable Narp (figure 1E) and CGRP (figure 1E’)

expression on both sides indicating this region is unaffected by rhizotomy at L4 to L6. Of

note, the reduction of CGRP terminal staining at L5 appears to be more complete than that

of Narp terminals, suggesting that Narp terminals may also arise from other sources aside

from DRG. This observation is consistent with previous studies demonstrating that Narp is

prominently expressed in orexin neurons (Reti et al., 2002c) which also send projections to

the dorsal horn (Date et al., 2000; Guan et al., 2003).

Narp-positive neurons are primarily restricted to small-diameter neurons of the DRG

Small and medium diameter DRG neurons that have unmyelinated or lightly myelinated

axons can be identified immunohistochemically by staining for peripherin, a type III

intermediate filament, while medium and large diameter DRG neurons that have heavily

myelinated axons can be identified by staining for NF200, a heavy-chain neurofilament

(Lawson and Waddell, 1991). To help classify Narp-positive neurons, we performed double-

label immunohistochemical studies on DRG sections with Narp and either NF200 or

peripherin. We found that 91±2.5% of Narp-positive neurons express peripherin while only

8±2.3% of Narp-positive neurons express NF200 (figure 2A,B,E). Conversely, we found

that 76 ±3.5% of peripherin-positive neurons express Narp. As Narp is an immediate early

gene that can be induced by neuronal activation (Tsui et al., 1996; Reti and Baraban, 2000),

we also checked if injections of complete Freund’s adjuvant (CFA) or formalin given

peripherally might alter Narp levels in the DRG as determined by immunoblotting.

However, we did not find that to be the case in samples harvested up to 3 days after CFA or

formalin injection (data not shown). Spinal nerve transection was not associated with

elevated DRG Narp levels either (data not shown)
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Cellular distribution of Narp-positive neurons in mouse DRG

Small-diameter nociceptive neurons of the DRG can be further subdivided into nerve growth

factor (NGF)-sensitive and glial cell line-derived neurotrophic factor (GDNF)-sensitive

subtypes, which can be distinguished immunohistochemically by expression of calcitonin

gene-related peptide (CGRP), a marker of peptidergic neurons, and by isolectin B4 (IB4)

binding, a marker of non-peptidergic neurons (Molliver et al, 1997). To assess whether Narp

is expressed in either of these subpopulations, we performed double-labeling studies on

DRG sections with Narp antibody and either CGRP antibody or IB4 lectin binding. We

found that Narp is expressed in both types of nociceptive neurons as 29±3.2% of Narp-

positive neurons also stain for CGRP, and 39±7% of Narp-positive neurons bind IB4 lectin

(figure 2C,D,E). Examination of DRG sections double-stained for CGRP and Narp revealed

that the degree of double-labeling varied markedly with the size of the CGRP neurons.

Large CGRP neurons were infrequently Narp-positive, whilst approximately one-third of

small and medium sized CGRP neurons expressed Narp (data not shown).

Narp-positive terminals in the dorsal horn

In the dorsal horn, terminals of peptidergic nociceptive neurons are restricted to lamina I and

the outer layer of lamina II (IIo) while those of the non-peptidergic neurons are confined to

the central layer of lamina II (IIc). Double-label immunohistochemical studies of mouse

spinal cord sections demonstrate that Narp immunoreactive terminals also extend to the

level of IB4-binding lamina IIc (figure 3A,B). Narp terminals (figure 3C) and puncta (figure

3C’) also overlap with CGRP (figure 3D,D’), indicating expression of Narp in layers lamina

I and lamina IIo. To obtain direct evidence that Narp is expressed in terminals of nociceptive

afferent neurons that terminate in the dorsal horn, we conducted double labeling studies for

Narp and CGRP on sections processed for electron microscopy. As expected, we found

examples of Narp and CGRP labeling in the same nerve terminal (figure 3E).

Pain assessment in Narp KO mice

As Narp is predominantly expressed in small DRG neurons responsible for nociceptive

signal transduction, we checked whether Narp contributes to this response by assessing pain-

related behavior in Narp KO mice. We performed three established assays for assessing

acute thermal nociception: the hotplate test, Hargreaves test and the hot water tail-immersion

test (Allen and Yaksh, 2004a,b). We did not find differences in baseline pain behavior with

the 54°C hotplate test, the Hargreaves test or the 50°C hot-water tail immersion test (figure

4).

Inflammatory pain and neuropathic pain responses in Narp KO mice

We also checked whether Narp deletion alters recovery from inflammatory or neuropathic

pain. CFA injection into the paw is an established model for generating chronic

inflammatory pain. We injected three different volumes of reagent (1:1 CFA:normal saline)

and assayed the induction and recovery of inflammatory pain using the Hargreaves test.

Both WT and Narp KO mice exhibited similar induction and recovery profiles (figure 5A).

We used the spared nerve injury (SNI) model to induce neuropathic pain behavior in mice

and screened for development of a hyperalgesic pain response using von Frey filaments.
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Following SNI, the intact sural nerve exhibits increased sensitivity, which can be assessed

with mechanical stimulation (von Frey filaments) of the non-injured skin territory

(Decosterd and Woolf, 2000). We found no significant differences in the baseline responses

or the induction of hyperalgesia between WT and Narp KO mice up to 96 hours after SNI

surgery (figure 5B).

Microglia/macrophage response following sciatic nerve transection

In addition to surveying pain behavior, as described above, we also evaluated inflammatory

response following sciatic nerve transection (SNT). SNT induces a robust microglia/

macrophage response beginning as early as 1 day after the procedure, with maximal

activation occurring 2 to 4 days after surgery in rats and 3 to 5 days after surgery in mice

(He et al, 1997; Liu et al, 2000). We chose to compare microglia/macrophage activation

between WT and Narp KO mice 3 days after performing SNT, using Iba1 staining to

monitor microglia/macrophage activation. In both WT and Narp KO mice, we observed

enhanced Iba1 staining in the dorsal horn on the side ipsilateral to the lesion (figure 6A and

B). However, Iba1 staining intensity and the complexity of process ramification in the dorsal

horn of Narp KO mice appeared greater than in the same region of WT mice. Accordingly,

we quantified Iba1 staining intensity in the ipsi- and contralateral dorsal and ventral horns

and found it to be 66% higher in the ipsilateral dorsal horn of Narp KO mice compared with

the same region of WT controls (p<0.01, paired Student’s t-test; figure 6C). There is also a

trend towards greater Iba1 staining intensity in the ventral horn of Narp KO compared with

WT mice. In addition, we checked Iba1-positive cell counts in the same regions and found

that Narp KO mice have 52% more microglia/macrophages in the dorsal horn ipsilateral to

the lesion than WT mice (p<0.05, by paired Student’s t-test; figure 6D). Narp deletion did

not affect Iba1 staining intensity or cell count on the side contralateral to the lesion. Nor did

Narp deletion affect baseline Iba1 levels. Iba1 staining in naive WT (figure 6E) and Narp

KO (figure 6F) mice is comparable and appears similar to levels in the contralateral dorsal

and ventral horns of the mice that underwent SNT, although a direct comparison was not

possible as the sections were processed at different times. However quantification of Iba1

staining intensity and cell counts in naive Narp KO (n=4) and WT (n=4) mice revealed no

significant differences (data not shown).

Next, we performed double-label immunostaining for BrdU and Iba1 to assess whether the

increase in microglia/macrophages is due to increased proliferation of these cells. In both

WT and Narp KO mice, approximately two thirds of all Iba1-positive cells in the dorsal horn

ipsilateral to the lesion were also positive for BrdU. There was no significant difference in

the percentage of BrdU-positive microglia/macrophages between the Narp KO (n=4) and the

WT control (n=4) mice (data not shown).

As MCP1 contributes to microglial activation after peripheral nerve injury (Zhang et al.,

2007), we checked whether Narp deletion alters its expression after SNT (figure 7). Spinal

cord samples were harvested from the same levels of the spinal cord that display Iba1

induction immunohistochemically. As we had performed Iba1 staining studies 3 days

following SNT, we monitored MCP1 mRNA levels by qPCR in samples harvested from

naïve mice and in those harvested on either the second or third days after SNT. Two-way
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ANOVA revealed a main effect of surgery (F(2,30)=53.503, p<0.0001), however there was

no effect of genotype (F(1,30)=0.832, p=0.369) nor an interaction effect (F(2,30)=0.884,

p=0.424). Post-hoc analyses did not detect significant differences in MCP1 level by

genotype in either naïve mice or at the day 2 or day 3 time points (ps>0.62).

DISCUSSION

In this study we report constitutive Narp expression in a subset of primary nociceptive

neurons. This restricted pattern of Narp expression in a subpopulation of DRG neurons fits

with its heterogeneous expression pattern previously observed in other brain regions. For

example, in the hippocampus, Narp is selectively expressed in dentate granule cells (Reti et

al., 2002b). In the hypothalamus, Narp is only expressed in a small population of neurons,

including orexin and vasopressin neurons (Reti et al., 2002c and 2008a). We also observed

Narp terminal staining in the dorsal horn of the spinal cord which was markedly reduced by

dorsal rhizotomy, suggesting Narp is trafficked to the dorsal horn from DRG neurons. This

pattern of Narp localization in axons and terminals is also consistent with previous studies

that have demonstrated that Narp, which is a secreted protein, is trafficked down axons to

terminals in other pathways, e.g. mossy fibers of dentate granule cells (Reti et al., 2002b)

and to vasopressin terminals in the posterior pituitary (Reti et al., 2008a). Moreover, electron

microscopy studies have also shown that vasopressin (Reti et al., 2008a) and orexin (I.M.

Reti, R.S. Petralia, P.F. Worley, J.M. Baraban, unpublished observations) each co-localize

with Narp in synaptic terminals and vesicles. Complementing these co-localization studies,

we have found that the same physiological stimuli which trigger vasopressin release from

the posterior pituitary also trigger Narp release into blood. Thus, taken together, these

studies indicate that Narp is co-released with neuropeptides in several pathways. In this

study, we have observed co-localization of Narp with CGRP providing another example of

this pattern. Of note, Narp is also expressed in IB4-positive neurons, which are considered to

be non-peptidergic. Accordingly, it would be interesting to determine if Narp is co-released

with another neuromodulator from those neurons.

As AMPA receptors mediate transmission of nociceptive signals in the dorsal horn under

basal conditions and have also been implicated in inducing pain hypersensitivity, we

hypothesized Narp KO mice would display abnormal pain responses. Accordingly, we were

surprised to find Narp KO mice failed to show abnormal pain responses in a variety of acute

and chronic pain assays triggered by heat, pressure and inflammation. The lack of change in

the spared nerve injury model is particularly interesting, given the suggestion that microglial

activation plays an important role in neuropathic pain following nerve injury (Tsuda et al

2003; Coull et al 2005). It might therefore have been expected that the exaggerated

microglial response would have been associated with increased allodynia.

The negative behavioral findings prompted us to assess whether Narp, like other pentraxins,

may regulate inflammation. To this end, we checked whether Narp deletion altered

microglia/macrophage activation following sciatic nerve transection. Using Iba1 as a

marker, we found overall levels of microglia/macrophage activation were significantly

increased in the dorsal horn of Narp KO mice compared with controls 3 days after

transection. We also counted the number of microglia/macrophages in the same region and
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found they were also significantly increased by Narp deletion, suggesting that the increased

Iba1 staining intensity in Narp KO mice may be due in part to increased proliferation,

survival or recruitment of microglia/macrophages in the dorsal horn. Accordingly, we

performed double staining of Iba1 and BrdU to assess the possibility that Narp deletion may

affect the proliferation of microglia/macrophages. However, we did not observe a significant

difference in the proportion of BrdU-positive microglia/macrophages in the dorsal horns of

the Narp KO and WT control mice 72 hours post-surgery. This suggests that increased

proliferation of microglia/macrophages does not fully explain the phenotype observed in the

Narp KO mice. Rather, our data indicates that both proliferating and non-proliferating

microglia/macrophages are similarly increased by Narp deletion. We next checked whether

elevated MCP1 levels in spinal cord of Narp KO mice might explain their enhanced

microglial activation following SNT, as MCP1 mediates microglial activation after

peripheral nerve injury (Zhang et al., 2007). However, we did not find MCP1 levels after

SNT were significantly higher in the Narp KO compared with control mice either at 48 or 72

hours after surgery. There was a trend for higher MCP1 levels in the Narp KO, including at

the 72 hour time point, however this difference was not significant. Accordingly, our

findings raise the possibility that Narp mediates microglia/macrophage activation and/or

migration via an MCP1 independent signaling pathway. One possibility is that Narp released

from terminals in the dorsal horn could act directly on microglia as these cells are known to

express AMPA receptors (Pocock and Kettenmann, 2007) which regulate microglial

migration (Liu et al., 2009).

In summary, we have found Narp is expressed in primary nociceptive neurons. Although we

did not detect effects of Narp deletion on a standard panel of pain-related behavioral assays,

we found that Narp KO mice displayed an exaggerated microglia/macrophage response to

SNT compared with wild type mice. These findings support the interesting possibility that

Narp, and possibly other neuronal pentraxins, share with peripheral pentraxins the ability to

regulate immune responses.
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Highlights

• Narp is expressed in small neurons of the dorsal root ganglia.

• Narp is expressed in IB4- and CGRP-positive neurons, markers of nociceptive

neurons.

• Mice are unaffected by Narp deletion on a panel of standard pain behavioral

assays.

• Narp KO mice show an enhanced microglia/macrophage response following

sciatic nerve transection.
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Figure 1.
Narp immunoreactivity in dorsal root ganglia and spinal cord. (A) Fluorescent

immunostaining of DRG from naïve WT mice reveals Narp expression present

predominantly in small diameter neurons, indicated by arrows. (B) Narp staining labels

external laminae of dorsal horn. Specificity of staining is confirmed by absence of Narp

staining in KO DRG (A’) and spinal cord (B’). (C) Western blot probed with Narp antibody

shows DRG lysates from a Narp KO and WT control mouse. The Narp antibody recognizes

a high molecular weight complex that is absent in the Narp KO mouse. (D–E) Fluorescent

immunostaining in rat spinal cord after rhizotomy at L4 to L6 showing Narp (D) and CGRP

(D’) expression at L5 spinal cord, and Narp (E) and CGRP (E’) expression at the T12

segment. The side ipsilateral to surgery is indicated by asterisk.
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Figure 2.
Characterization of Narp immunoreactive DRG neurons. Fluorescent photomicrographs of

naïve mouse lumbar (L4 to L6) DRG show Narp double-staining with peripherin (A),

NF200 (B), CGRP (C), and IB4-binding (D). Short arrows highlight neurons that co-express

Narp and marker. Asterisks highlight neurons that only express Narp. Long arrows highlight

neurons that only express marker. (E) Mean percentages of Narp immunoreactive DRG

neurons expressing each of these markers.
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Figure 3.
Narp positive terminals in the dorsal horn. Double-label staining of mouse lumbar spinal

cord for Narp (A) and IB4-binding (B) demonstrates Narp expression extending to the

central lamina II of the dorsal horn. Arrows highlight lamina I where Narp but not IB4

binding is present. Double label studies of lumbar spinal cord for Narp (C) and CGRP (D)

also demonstrates overlap in staining. Boxed areas are shown at higher power. Arrows point

to Narp immunoreactive puncta (C’) that overlap with CGRP immunoreactive puncta (D’).

(E) Double-label electron microscopic immunogold study of Narp (small gold particles) and

CGRP (large gold particles) in a synaptic terminal. S–synaptic vesicle
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Figure 4.
Effect of Narp deletion on nociceptive responses. Mean response times to thermal stimuli in

the hotplate (WT: n=20; KO: n=21), Hargreaves (n=10 in each group), and tail immersion

assays (n=16 in each group).
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Figure 5.
Responses to inflammatory and neuropathic pain. (A) Thermal sensitivity following CFA

plantar injection was monitored using the Hargreaves method following plantar injections of

a 1:1 mixture of CFA:normal saline in volumes of 3, 6 or 12 microliters. (B) Mechanical

hypersensitivity was assessed with von Frey filaments following spared nerve injury.
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Figure 6.
Microglial activation after sciatic nerve transection. Iba1 staining in lumbar (L4–5) spinal

cord of WT (A) and Narp KO (B) mice 3 days after unilateral sciatic nerve transection

(SNT). Boxed areas are shown at higher power (A’ and B’). c = contralateral. i = ipsilateral.

Mean proportion of area that is Iba1-positive (C) and mean Iba1-positive cell count (D) in

each of four quadrants of spinal cord. Asterisks highlight a significant difference in Iba1

staining intensity (C) and cell count (D) in the ipsilateral dorsal horn of Narp KO compared
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with WT mice. Errors bars indicate SEM. Iba1 staining in lumbar spinal cord of naive WT

(E) and Narp KO (F) mice.
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Figure 7.
MCP1 mRNA levels in the spinal cord after sciatic nerve transection. Spinal cord samples

were obtained from WT and Narp KO mice 48 or 72 hours after transection, as well as from

naïve mice (6 mice in each group). mRNA levels were quantified by qPCR. The graph

shows the mean cycle number, Ct, for each condition normalized to GAPDH. Error bars

indicate SEM.
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