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Abstract

The neuropeptide calcitonin gene-related peptide (CGRP) is known to play a pro-nociceptive role

after peripheral nerve injury upon its release from primary afferent neurons in preclinical models

of neuropathic pain. We previously demonstrated a critical role for spinal cord microglial CD40 in

the development of spinal nerve L5 transection (L5Tx)-induced mechanical hypersensitivity.

Herein, we investigated whether CGRP is involved in the CD40-mediated behavioral

hypersensitivity. First, L5Tx was found to significantly induce CGRP expression in wild-type

(WT) mice up to 14 days post-L5Tx. This increase in CGRP expression was reduced in CD40

knockout (KO) mice at day 14 post-L5Tx. Intrathecal injection of the CGRP antagonist CGRP8–37

significantly blocked L5Tx-induced mechanical hypersensitivity. In vitro, CGRP induced glial

IL-6 and CCL2 production, and CD40 stimulation added to the effects of CGRP in neonatal glia.

Further, there was decreased CCL2 production in CD40 KO mice compared to WT mice 21 days

post-L5Tx. However, CGRP8–37 did not significantly affect spinal cord CCL2 production

following L5Tx in WT mice. Altogether, these data suggest that CD40 contributes to the

maintenance of behavioral hypersensitivity following peripheral nerve injury in part through two

distinct pathways, the enhancement of CGRP expression and spinal cord CCL2 production.
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INTRODUCTION

Chronic pain is a serious health problem that has a significant impact on modern society.

Neuropathic pain, defined as pain caused by a lesion or disease of the somatosensory system

(Jensen et al., 2011), is one of the most devastating kinds of chronic pain. Both microglial

and astrocytic activation have been observed during the development of neuropathic pain,
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and decades of studies have provided ample evidence that supports the contribution of glial

responses in the pathophysiology of neuropathic pain in part through the potentiation of

proinflammatory responses (DeLeo et al., 2004; Tsuda et al., 2005; Milligan and Watkins,

2009). Cross-talk between central nervous system (CNS) immune responses and neuronal

responses is believed to play an essential role in the development of neuropathic pain.

Calcitonin gene-related peptide (CGRP) (Arulmani et al., 2004), a 37-amino acid

neuropeptide and a member of the calcitonin family of peptides, is widely distributed in both

the peripheral and the central nervous systems. CGRP has both α and β forms. Although

both α- and β-CGRP exhibit similar biological activity, α-CGRP is the predominant form in

the sensory neurons, and as such is the focus of this current study on peripheral nerve injury-

induced neuropathic pain and will be henceforth referred to as CGRP. Previous studies have

demonstrated differential regulation of CGRP in spinal sensory and motor pathways after

nerve injury and peripheral inflammation (Piehl et al., 1991, 1998; Weihe et al., 1995; Chen

et al., 2010). However, within the nervous system, CGRP is mainly produced by medium

and small diameter primary afferent neurons and is important in the modulation of pain

perception. Thus, our study is concerned mostly with CGRP changes in the spinal sensory

pathway. Rodent studies provide evidence of CGRP having a pro-nociceptive role in

peripheral nerve injury-induced neuropathic pain. Peripheral nerve injury enhanced the

evoked release of CGRP from primary afferent terminals in the spinal cord tissue, and

changes in CGRP expression in the lumbar spinal cord dorsal horn were observed in various

peripheral nerve injury-induced neuropathic pain models (Gardell et al., 2003; Zheng et al.,

2008). Administration of a CGRP antagonist reduced tactile hypersensitivity, a behavioral

sign of neuropathic pain, after both peripheral nerve injury and spinal cord injury (Bennett et

al., 2000; Lee and Kim, 2007). Further, CGRP receptors have been detected on CNS glia,

including astrocytes and microglia. CGRP stimulation dose-dependently increased

intracellular cyclic AMP accumulation and immediate early gene expression (such as c-fos)

in astrocytes and microglia (Priller et al., 1995; Reddington et al., 1995). A recent report

demonstrated that CGRP treatment greatly increased inducible nitric oxide (NO) synthase

expression and NO release by trigeminal ganglion glial cells in vitro (Li et al., 2008).

CD40 is a 48 kDa cell surface receptor and belongs to the tumor necrosis factor (TNF)

receptor family. In the periphery, CD40 is mainly expressed by B cells, dendritic cells and

macrophages, and plays critical roles in both humoral and cell-mediated immune responses

(Garside et al., 1998; Grewal and Flavell, 1998; Greter et al., 2005). In the CNS, microglia,

but not astrocytes and neurons, have been found to express significantly elevated levels of

CD40 upon activation both in vitro and in vivo (Matyszak et al., 1999; Olson et al., 2001;

Dalpke et al., 2002; Ponomarev et al., 2005; Cao et al., 2009a). CD40 stimulation has been

linked to the pathogenesis of various CNS diseases including multiple sclerosis, Alzheimer’s

disease, amyotrophic lateral sclerosis and human immunodeficiency virus (HIV)-1

encephalitis (Togo et al., 2000; Becher et al., 2001; Benveniste et al., 2001; D’Aversa et al.,

2002; Okuno et al., 2004). Recently, we have observed a significant increase in the numbers

of CD40+ microglia in the lumbar spinal cord dorsal horn postspinal nerve L5 transection

(L5Tx, a murine model of neuropathic pain) and demonstrated that the CNS, particularly the

spinal cord, expression of CD40 (which is almost exclusively microglial) played a critical
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role in the maintenance of L5Tx-induced mechanical hypersensitivity (Cao et al., 2009a).

Further, microglial CD40 stimulation can lead to increased proinflammatory cytokine/

chemokine production, NO release and cyclooxygenase-2 expression (Chabot et al., 1999;

Tan et al., 1999a,b; Becher et al., 2000; Jana et al., 2001; D’Aversa et al., 2002; Okuno et

al., 2004; Ait-Ghezala et al., 2005), and these proinflammatory responses have been

implicated as the underlying mechanisms through which microglia play their roles in various

neurological diseases. However, the mechanisms through which CD40 plays its role in the

maintenance of L5Tx-induced neuropathic pain behavior is still unknown. It is also not clear

whether there is an interaction between CGRP and CD40 in promoting the chronic pain

state.

In addition, it has been well-documented that proinflammatory cytokines (such as

interleukin (IL)-1β, IL-6 and TNFα) and chemokines (such as CCL2 (also known as

monocyte chemoattractant protein-1)) contribute to the development of neuropathic pain

(DeLeo et al., 2004; Tsuda et al., 2005; Milligan and Watkins, 2009; Gao and Ji, 2010).

(Note that each known chemokine has been renamed based on the chemokine subfamilies,

CC, CXC, XC or CX3C, which are defined based on the location of the cysteine residues in

the amino acid sequence of the chemokines (‘C’ for cysteine).) The production of many of

these proinflammatory mediators by glia has been reported (Cao et al., 2007). While earlier

studies have demonstrated the roles of proinflammatory cytokines in neuropathic pain

sensitization (Moalem and Tracey, 2006), more recent investigations have focused on the

roles of proinflammatory chemokines. For example, CCL2 has been widely investigated in

regard to its role in the development of peripheral nerve injury-induced behavioral

hypersensitivity and glial activation (Abbadie et al., 2003; Zhang et al., 2007; Gao et al.,

2009). CCL2 has been detected in CNS neurons, the dorsal root ganglia (DRG) and in both

astrocytes and microglia (White et al., 2005; Zhang and De Koninck, 2006; Callewaere et

al., 2007; Cao et al., 2007). Thus, CCL2-mediated neuronal and glial mechanisms have been

suggested as pathways that promote pathological pain behaviors. However, the effects of

CGRP and CD40 stimulation on glial production of CCL2, as well as all the other

aforementioned proinflammatory mediators, have not been explored previously.

OBJECTIVE

In the current study, to investigate whether CGRP is involved in the CD40-mediated

behavioral hypersensitivity, we first examined L5Tx-induced CGRP expression in both WT

and CD40 KO mice and the effects of the CGRP antagonist CGRP8–37 on L5Tx-induced

mechanical hypersensitivity. A battery of In vitro studies was conducted to test the effects of

CGRP and/or CD40 stimulation on the glial production of proinflammatory mediators

(IL-1β, IL-6, TNFα, CCL2, CXCL10 (also known as IP-10 (interferon gamma-induced

protein 10)) and CXCL12 (also known as SDF-1 (stromal cellderived factor-1)). Then,

based on the results of the In vitro studies, follow-up studies were conducted in which the

CCL2 production in the lumbar spinal cords of WT, CD40 KO and CGRP antagonist-treated

mice was determined.
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MATERIALS AND METHODS

Animals

Male and female adult BALB/c mice were purchased from National Cancer Institute (NCI,

Frederick, MD, USA) and were allowed to habituate to the institutional animal facility for at

least one week before experimental use (8–9 weeks old). Breeding pairs for BALB/c CD40

KO mice were originally purchased from the Jackson Laboratory (Bar Harbor, ME, USA),

bred in the animal facility of Dartmouth Medical School and then transferred to the animal

facility of University of New England (UNE) (Cao et al., 2009a). Wild-type (WT) BALB/c

breeding pairs were originally purchased from NCI and have been maintained at the UNE

animal facility. Neonatal BALB/c mice, whose brain tissue was utilized for glial culture

preparation, were obtained from these breeding pairs. All mice were group-housed with food

and water ad libitum and maintained on a 12-h light/dark cycle. For all experiments that

used adult mice, the ratio between male and female mice was around 1:1. Since no

significant gender differences were observed for all parameters examined, data collected

from male and female mice were combined and presented together in this report. The

Institutional Animal Care and Use Committee at UNE approved all experimental procedures

used in this study.

L5Tx and mechanical sensitivity test

WT and CD40 KO mice were randomly selected into either sham or L5Tx groups. L5Tx and

sham surgeries were conducted following previously published procedures (Cao and DeLeo,

2008). Briefly, mice were anesthetized by the inhalation of isoflurane (4% for induction and

2% for maintenance) in 100% O2. To expose the L5 spinal nerve, a 1–2-cm skin incision

overlying the L4-S1 section was made, and the muscle tissue was separated and retracted

from the left superior articular processes and the L6 transverse process. The L6 transverse

process was cleaned, and the spinal nerve L4 and L5 were exposed. The L5 spinal nerve was

gently separated from the L4 spinal nerve, lifted slightly and transected with removal of a 1–

2 mm segment of nerve (to prevent reconnection). The wound was irrigated with sterile

saline and closed with a 6-0 silk suture for the fascia and a 3-0 polyester suture for the skin.

Sham surgery was identical to the L5Tx surgery except that the L5 spinal nerve was exposed

and not manipulated in any way following the partial laminectomy.

The mechanical sensitivity was measured as previously described (Cao and DeLeo, 2008).

Briefly, mice were placed individually in dark plastic chambers (3′′ × 5′′ × 2′′) in non-

restrained conditions. The floor of each chamber was a stainless steel mesh surface (with

1/8′′ openings). Testing chambers were elevated, so mechanical stimuli could be applied to

the hind paw of each animal. During testing, each animal was subjected to stimulations from

a series of von Frey filaments ranging from 0.008 to 2 g (Stoelting; Wood Dale, IL, USA)

following the Up-Down paradigm (detailed in Chaplan et al., 1994). Each filament was

pressed to the point of bending against the plantar surface of the ipsilateral hind paw. The

50% threshold force needed for paw withdrawal was calculated and used to represent

mechanical sensitivity. For each experiment, animals were baseline tested before surgery

and tested at selected times after surgery. The examiner performing the behavioral tests was

blinded to the experimental groups.
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Approximately the same numbers of male and female mice were used in each group. No

significant gender differences were observed in all assays performed. In pilot experiments,

we also confirmed that no significant differences in L5Tx-induced behavioral

hypersensitivity between WT mice obtained from NCI and those bred within the UNE’s

animal facility. Spinal cord tissues from treated animals were collected and analyzed via

either immunohistochemistry (IHC), enzyme immunoassay (EIA) or chemokine

FlowCytomix assay (see below).

IHC

Tissue slices (15 mm) from L5 segments of lumbar spinal cord for IHC were prepared as

described previously (Cao and DeLeo, 2008). Fluorescent IHC for CGRP was conducted

following a modified procedure (Cao et al., 2009a). Briefly, tissue slices were first blocked

with 5% normal goat serum (NGS, Jackson ImmunoResearch Laboratories, West Grove,

PA, USA)/phosphate buffered saline (PBS)/0.4% Triton X-100 and then incubated with

rabbit anti-CGRP (IHC6006, 1:10,000, Peninsula Laboratories, acquired by Bachem

Americas, Inc., Torrance, CA, USA) overnight at 48C. After a PBS wash, slices were

incubated with Cy3-anti rabbit IgG (1:800, Jackson ImmunoResearch Laboratories) for 1 h

at room temperature. After a final wash, tissue slices were covered using Fluoromount-GT

(VWR, Bristol, CT, USA) mounting medium. Slices were examined using a Nikon Eclipse

E800 fluorescence microscope (Nikon Instruments Inc., Melville, NY, USA) with a SPOT

RT Slider CCD microscope digital camera (Burlingame, CA, USA). Both ‘non-stained’ and

‘no anti-CGRP’ controls were included in each run, and no significant fluorescent signal

was detected in either control. Images were analyzed using SPOT Advanced software

(version 3.5.8, Diagnostic Instruments, Inc., Sterling Heights, MI, USA). To determine the

CGRP expression in spinal cord dorsal horn, both the total dorsal horn area and CGRP+ area

were defined and measured for each image of a L5 dorsal horn, as shown in Fig. 1A. The

relative area of CGRP expression was calculated as follows: CGRP+ area/total dorsal horn

area. For each sample, at least three tissue slices were analyzed and the average expression

of these slices was calculated.

CGRP EIA

Lumbar spinal cords (divided into ipsilateral and contralateral sides based on the surgery)

were collected following transcardiac perfusion and homogenized in tissue lysis buffer (PBS

supplemented with 1 mM Na2EDTA, 1% bovine serum albumin (Sigma, St. Louis, MO,

USA) and a protease inhibitor cocktail (Sigma)). The supernatants were collected after

centrifugation (10,000 g at 4°C for 15 min) and stored at −80°C until analyses. The protein

concentration of each sample was determined with the BCA protein assay (Pierce-Thermo

Scientific, Rockford, IL, USA). The CGRP EIA was performed using the CGRP EIA kit

(SPI-Bio, France; cross-reactive for both rats and mice) following the manufacturer’s

protocol. Following the manufacturer’s suggestion, all samples were subjected to acid

extraction prior to CGRP measurement. Briefly, a mixture of sample and 2 N acetic acid

(volume 1:2) was heated at 90°C for 10 min and centrifuged at 10,000 g for 10 min. The

supernatants were collected, further diluted 10-fold with EIA buffer (supplied by the kit) and

then CGRP was measured by EIA. All CGRP levels were normalized based on the protein

concentrations of the sample.
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CGRP8–37 intrathecal injection

CGRP is 37 amino acids in length. The N-terminal amino acids 1–7 are required for receptor

activation and signal transduction, whereas the remainder (amino acids 8–37) of CGRP is

necessary for receptor binding. Thus, a polypeptide that contains only amino acids 8–37 of

CGRP (CGRP8–37) can act as a CGRP receptor antagonist (Arulmani et al., 2004).

CGRP8–37 (Alpha Diagnostic, San Antonio, TX, USA) was prepared in sterile saline at 33

μg ml−1 (8.80μmM). CGRP8–37 or sterile saline were intrathecally (i.t.) delivered (5 ml per

mouse) daily from day 6 to day 13 post-L5Tx in WT mice. I.t. injection was performed as

described previously (Cao et al., 2009b). Briefly, under inhalation anesthesia (same as for

L5Tx), a sterile 30 G needle filled with saline or CGRP8–37 was inserted into the

subarachnoid space through the space between the L5 and L6 vertebral segments. A 10 μl

Hamilton syringe was attached to the needle to deliver the drug into the subarachnoid space.

Animals that underwent i.t. injections woke up from anesthesia a couple of minutes after the

procedure, and there were no significant health issues observed in the animals that received

repeated daily i.t. injections. On the days of behavioral testing, injection was performed

about 30 min after the behavioral testing. Animals that underwent L5Tx but not i.t.

injections were used as controls.

Primary neonatal glial cultures

Primary neonatal mixed glial cultures were prepared from 3-day-old newborn BALB/c mice

following a slightly modified version of a method previously published (Hudson et al.,

2008). Briefly, under aseptic conditions, whole brains were collected in sterile Hank’s

Balanced Salt Solution (HBSS) (Lonza, Walkersville, MD, USA) and homogenized by the

pipetting of tissue up and down with a Pasteur pipette that had a fire polished tip. To remove

tissue debris, cell suspension was filtered through a 70 μm nylon cell strainer (BD Falcon,

Bedford, MA, USA). Cell pellets, collected after centrifugation (281 g at 4°C for 10 min),

were resuspended in complete Dulbecco’s modification of Eagle’s media (cDMEM)

containing DMEM (Lonza), 10% fetal bovine serum (FBS) (PAA, New Bedford, MA,

USA), 2 mM L-glutamine (Lonza), 100 IU ml−1 penicillin (Lonza), 100 μg ml−1

streptomycin (Lonza) and 100 IU ml−1 Fungizone (Gibco, Carlsbad, CA, USA). The cell

suspension was distributed into 24-well culture plates (Costar, Corning, NY, USA) at one

neonatal brain per plate with 500 μl of cell suspension being placed in each well. Media was

replaced on days 1, 4 and 8 following the complete aspiration of old media. All cultures

were maintained at 37°C in a humidified atmosphere with 5% CO2.

All cells were treated on either day 11 or 12 after the initiation of the culture, following the

replacement with fresh media. For cells that did not receive lipopolysaccharide (LPS) pre-

treatment, cells were treated with various concentrations of rat CGRP (no detectable

endotoxin level, Alpha Diagonstics) and/or various concentrations of stimulatory anti-mouse

CD40 monoclonal antibody (mAb) (clone 1C10, endotoxin level less than 0.001 ng μg−1;

eBioscience, San Diego, CA, USA) simultaneously. The final concentrations of CGRP used

were 0, 25, 100, 1000 and 4000 ng ml−1 (i.e. 0, 0.007, 0.026, 0.263 and 1.053 μM) and the

final concentrations of anti-CD40 were 0, 0.1, 1 and 10 μg ml−1. If LPS pre-treatment was

administered, Salmonella minnesota Re595 LPS (Sigma) at a final concentration of 10 ng

ml−1 was given following media replacement for 1 h. Cell media were then removed, the
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cells were washed with HBSS and fresh media were added. Then, the aforementioned

treatments of CGRP and anti-CD40 were added. For all cultures, supernatants were

collected at 24 and 48 h after CGRP/anti-CD40 treatments following centrifugation of the

24-well plates (213 g at 4°C for 5 min). The supernatants were stored at −20°C until further

assessment.

For all above treatments, preliminary time/dose responses were performed, and the dose

ranges/times that exerted minimal cytotoxicity (determined by MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (see below)) and produced

optimal cytokine responses were chosen. The CGRP antagonist CGRP8–37 (Sigma) and anti-

CD40 isotype control Ab (Rat IgG2a, eBioscience) were initially used to confirm the

specificity of the CGRP and anti-CD40 treatments, respectively. Further, on the day of

treatment, separate wells of non-treated cells were trypsinized, and trypan blue (Sigma)

exclusion (cells were counted with a hemocytometer) was utilized to determine the numbers

of viable cells per well. The cell numbers per well were consistent across experiments and

averaged 1.98 ± 0.15 × 105 cells per well. In addition, the microglial percentage of these

cells was analyzed via flow cytometry following a previously published procedure (Cao et

al., 2007). The fluorescently labeled mAbs, APC-anti-mouse CD45 (clone 30-F11,

eBioscience), FITC-anti-mouse CD11b (clone M1/70; BD Biosciences, San Diego, CA,

USA) and Biotin-anti-mouse CD40 (clone 1C10, eBioscience) were used. CD45loCD11b+

cells were identified as microglia. The average microglial content of the neonatal glial

cultures was 20.59 ± 2.14%. On average, CD40+ microglia made up 7.53 ± 1.98% of the

microglial population in the neonatal glial cultures. As expected, CD40 expression was not

observed in the non-microglial population. In the aforementioned study, we also determined

that the surface CD45 and CD11b expression on mixed glial cells was not affected by the

method used to harvest cells, i.e. trypsinization versus a non-enzymatic cell dissociation

buffer.

Primary adult spinal cord glial cultures

The spinal cords of 8-week-old adult BALB/c mice were utilized for primary adult spinal

cord mixed glial cultures following a slightly modified previously published method (Cao et

al., 2007). Animals were euthanized by CO2, decapitated and entire spinal cords were

collected under aseptic conditions. Following the manufacturer’s instructions, spinal cord

tissue was dissociated using a papain dissociation kit (Worthington Biochemical

Corporation, Lakewood, NJ, USA). The resulting cell pellets were resuspended in 20%

Percoll/PBS (GE Healthcare, Piscataway, NJ, USA) and spun at 800 g, room temperature for

30 min without braking. The top layer of myelin debris was carefully removed and the cell

pellets were washed twice with 1:3 (vol vol−1) cDMEM/HBSS to remove the remaining

Percoll. Finally, cells were resuspended in cDMEM supplemented with 50 μM 2-

mercaptoethanol (2-ME; Sigma) and distributed into 24-well plates at four mouse spinal

cords per plate and 500 μl of cell suspension per well. Cells were maintained in cDMEM/2-

ME, and the media were changed in the same manner described for the neonatal glial

cultures at days 1, 4, 8 and 11. Cells were treated with CGRP and anti-CD40 without LPS

pre-treatment as described for neonatal cultures. Supernatants were collected at 24 and 48 h

after treatment. On the day of treatment, cells from non-treated wells were used to determine
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cell viability, and it was found that the average number of viable cells per well was 4.05 ±

0.80 × 104. Further, the percentage of microglia was examined via FACS analysis as

described for the neonatal glial cultures and was found to be 7.80 ± 1.45%. On average,

CD40+ microglia made up 44.88 ± 3.88% of the microglial population in the adult glial

cultures. Again, CD40 expression was not observed in the non-microglial population. It

should be noted that due to the differences in the two types of culture in terms of the number

of total cells and microglial content, the neonatal cultures and the adult cultures actually had

comparable numbers of CD40+ microglial cells.

Enzyme-linked immunosorbent assay

Mouse ELISA cytokine/chemokine detection kits were used to measure the levels of IL-1β,

IL-6, TNFα, CXCL10, CXCL12 (R&D Systems, Minneapolis, MN, USA) and CCL2 (BD

Biosciences) in the collected culture supernatants following the manufacturers’ protocols.

The standard series were 0–1000 pg ml−1 for IL-1β, IL-6 and CCL2, 0–2000 pg ml−1 for

TNFα, 0–3000 pg ml−1 for CXCL12 and 0–4000 pg ml−1 for CXCL10.

MTT assay

MTT assay (Sigma) was used to evaluate cell viability following the various treatments

described above. The assay was performed following the manufacturer’s guidelines.

Griess nitrite assay

The Griess nitrite assay was used to measure the amount of nitrite in supernatants in order to

estimate glial NO production. modified Griess reagent (Sigma) was used, and the assay was

performed following the manufacturer’s protocol. Freshly made NaNO2 (Sigma) solutions

serially diluted in DMEM served as standards (0–100 μM) for the assay (assay sensitivity is

0.4 μM).

FlowCytomix assay

Lumbar spinal cords were collected following transcardiac perfusion and homogenized in

tissue lysis buffer (PBS supplemented with 1 mM Na2EDTA anda protease inhibitor

cocktail (Sigma)). Supernatants were collected after centrifugation (10,000 g at 4°C for 15

min) and stored at −80°C until the FlowCytomix assay was performed. The FlowCytomix

assay for CCL2 was performed with a mouse base kit and mouse chemokine bead sets

(eBiosecience) following the manufacturer’s protocol using an Accuri C6 flow cytometer

(Ann Arbor, MI, USA). The chemokine concentration within each sample was determined

with the FlowCytomix™ Pro 2.4 software provided by the manufacturer. All chemokine

levels were then normalized based on the protein concentrations of each sample as

determined by the BCA protein assay (Pierce-Thermo Scientific).

Statistical analyses

All statistical analyses were performed with SigmaStat 3.5 software (Systat Software, Inc.,

San Jose, CA, USA). Appropriate analysis of variance (ANOVA) with treatment and time as

factors were performed followed by Student–Newman–Keuls (SNK) post-hoc analysis. The

Pearson correlation test was used to determine the correlation between IL-6 and CCL2
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production. Correlation coefficients were compared via the Fisher z transformation. All data

are presented as mean ± SEM, and P <, 0.05 was considered as statistically significant.

RESULTS

Differential lumbar spinal cord CGRP expression post-L5Tx in WT versus CD40 KO mice

Previously, we have shown that L5Tx induces mechanical hypersensitivity in BALB/c mice

along with an upregulation of spinal cord micrglial CD40 expression and that this

mechanical hypersensitivity is significantly reduced in CD40 KO mice after day 5 post-

L5Tx. That is, CD40 contributes to the maintenance (but not the initiation) of L5Tx-induced

mechanical hypersensitivity (Cao et al., 2009a). To test whether CGRP is involved in the

CD40-mediated behavioral hypersensitivity, we assessed CGRP expression in the lumbar

spinal cord post-L5Tx. WT BALB/c mice were subjected to either L5Tx or sham surgeries

followed by CGRP IHC at days 0, 1, 3, 7, 14 and 21 post-L5Tx. Although there was no

apparent change in the intensity of CGRP staining in the L5 spinal cord dorsal horn region,

the area of CGRP positivity (the area containing CGRP+ nerve fibers) (described in the

Materials and Methods and illustrated in Fig. 1A) gradually and significantly increased

starting at day 3 after both types of surgery. In animals that received L5Tx, this increase

reached a maximal level at day 7 post-L5Tx and remained elevated at day 14, but not day

21, with no significant differences detected between the ipsi- versus contralateral sides. In

sham-operated mice, a different pattern was observed. In the ipsilateral side, CGRP

expression also peaked at day 7 post-surgery but declined at day 14 post-L5Tx, while no

significant increase was observed in the contralateral side (Fig. 1B; two-way ANOVA, Ptime

< 0.001 and Pgroup = 0.009). Interestingly, when measured via EIA, total CGRP levels in the

lumbar spinal cord (L4–L6) did not change significantly following either surgery (L5Tx or

sham) (data not shown).

The temporal changes of CGRP expression were examined in the same manner in CD40 KO

mice following either L5Tx or sham surgery. Although the changes in CGRP expression in

both L5Tx- and sham-operated CD40 KO mice up to day 7 post-surgery were similar to

what was observed in WT mice, no significant increases in CGRP expression in L5Tx mice

were detected in both the ipsi- and contralateral sides compared to sham-operated mice at

day 14 post-surgery (Fig. 1C, two-way ANOVA, Ptime < 0.001 and Pgroup = 0.069; and Fig.

1D). That is, there is a significant up-regulation of CGRP post-L5Tx at day 14 post-L5Tx in

WT mice that is not observed in CD40 KO mice. These data suggest that CD40 contributes

to L5Tx-induced hypersensitivity through the maintenance of the injury-induced CGRP up-

regulation/release in the lumbar spinal cord.

Effects of CGRP8–37 treatment on L5Tx-induced mechanical hypersensitivity

To evaluate the central role of CGRP in L5Tx-induced mechanical hypersensitivity, we i.t.

injected the CGRP antagonist CGRP8–37 at a concentration of 33 μg ml−1 (8.80 mM; this

dose was chosen based on a previous report; Yu et al., 1996) into WT mice daily from day 6

to day 13 post-L5Tx. Mechanical sensitivity was determined at selected time points up to

day 14 post-L5Tx. It was found that the administration of CGRP8–37 significantly reduced

L5Tx-induced mechanical hypersensitivity at days 7, 10 and 14 post-L5Tx (Fig. 2; two-way
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RM ANOVA, Ptime < 0.001, Ptreatment < 0.001 and Pinteraction < 0.001). Together with our

previous studies that indicated that microglial CD40 plays a role in the maintenance of

L5Tx-induced mechanical hypersensitivity (Cao et al., 2009a) and the data above that

showed reduced lumbar spinal cord CGRP expression in the CD40 KO mice, the pathway:

L5Tx → CD40 up-regulation → CGRP up-regulation/release → mechanical

hypersensitivity was proposed and further investigated below.

In vitro examination of the effects of CGRP and anti-CD40 on proinflammatory mediator
production from mixed glia

Although proinflammatory mediators can be produced from many cellular sources, it is

known that the glial production of proinflammatory factors plays a pro-nociceptive role

during the development of neuropathic pain (DeLeo et al., 2004; Tsuda et al., 2005;

Milligan and Watkins, 2009). To test whether CGRP could directly induce the production of

proinflammatory factors by glial cells (and thus contribute to L5Tx-induced mechanical

hypersensitivity) and if these effects could be affected by CD40 stimulation, a series of In

vitro studies that utilized mixed glia were performed. Due to the large quantity of cells that

can be obtained from neonatal cultures, neonatal glia were tested initially. First, the effects

of CGRP treatment or anti-CD40 (using an anti-CD40 antibody known to stimulate CD40)

treatment alone were examined. The levels of the proinflammatory mediators IL-1β, TNFα,

IL-6, CCL2, CXCL10, CXCL12 and NO were measured in the culture supernatants 24 and

48 h after treatment. The levels of IL-1β, TNFα and NO were too low to make accurate

comparisons between treatment groups, and there were no significant changes in the levels

of CXCL10 and CXCL12 following either treatment (data not shown). Both CGRP and anti-

CD40 induced a trend of a dose-dependent increase in IL-6 production from mixed glial

cells, and this increases reached statistical significance 48 h following either CGRP or anti-

CD40 treatment (Fig. 3A–D; one-way ANOVA, in Fig. 3B, P < 0.001 and in Fig. 3D, P =

0.027). In regard to CCL2, higher doses of CGRP (1000 and 4000 ng ml−1) induced a

significant increase in CCL2 secretion from mixed glial cells at 48 h after treatment (Fig.

3E,F; in Fig. 3F, one-way ANOVA, P = 0.002), whereas CD40 stimulation did not induce

any statistically significant effects on glial CCL2 production (Fig. 3G,H).

Next, to examine whether CD40 stimulation would affect CGRP’s effects on the glial

production of IL-6 and CCL2, neonatal glial cells were co-treated with CGRP and anti-

CD40. CGRP and CD40 co-stimulation exhibited an additive effect on IL-6 production by

mixed glia at both 24 and 48 h post-treatment (Fig. 4A,B; two-way ANOVA: in Fig. 4A,

PCGRP = 0.018, Panti-CD40 = 0.008 and PCGRP×anti-CD40 = 0.998, and in Fig. 4B, PCGRP =

0.042, Panti-CD40 = 0.009 and PCGRP×anti-CD40 = 0.791). Within the factor CGRP, significant

differences were found between CGRP at 4000 ng ml−1 versus CGRP at 0 ng ml−1 24 h

post-treatment and between every CGRP dose versus CGRP at 0 ng ml−1 48 h post-

treatment. Within the factor anti-CD40, significant differences were found between anti-

CD40 at 10 μg ml−1 versus anti-CD40 at 0 μg ml−1 24 h post-treatment, and anti-CD40 at 10

μg ml−1 versus all other individual anti-CD40 treated groups (including anti-CD40 at 0 μg

ml−1) 48 h post-treatment. CGRP and anti-CD40 co-treatment did not induce any further

significant effects on CCL2 production (Fig. 4C,D). Nevertheless, the production of CCL2
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was found to be significantly correlated with the production of IL-6 regardless of the

treatment at both 24 and 48 h post-treatment (P < 0.001).

In a separate experiment, neonatal glial cells were pre-stimulated with a low dose of LPS

(10 ng ml−1 for 1 h) prior to CGRP and anti-CD40 co-treatment. Pre-stimulation was used as

it was thought that a low dose of LPS would mimic the initial inflammation and glial

activation that occurs in nerve injury-induced neuropathic pain. Although the production of

both IL-6 and CCL2 was dramatically enhanced in neonatal glia that received LPS pre-

stimulation (~10–20-fold) compared to glial cells not pre-stimulated by LPS. No significant

effects of CGRP or CD40 stimulation on IL-6 and CCL2 production were detected when

cells were pre-treated with LPS (data not shown). We also determined that 10 ng ml−1 of

LPS treatment for 1 h only did not induce a significant increase of IL-6 or CCL2 secretion

by glial cells when compared to non-treated cells.

Further, to examine the effects of CGRP and CD40 stimulation in a paradigm more relevant

to injury-induced neuropathic pain, spinal cord mixed glia were prepared from adult

BALB/c mice. Adult spinal cord mixed glia were treated with CGRP and anti-CD40 as

described for neonatal mixed glia (without LPS pre-treatment; see above). At both 24 and 48

h post-co-treatment, CGRP treatment significantly increased the production of both IL-6 and

CCL2 by adult glia, but unlike what was observed with the neonatal glia, we did not observe

significant effects on either IL-6 or CCL2 production at either time point following anti-

CD40 treatment in adult glia (Fig. 5A–D; two-way ANOVA, in Fig. 5A, PCGRP = 0.002, in

Fig. 5B, PCGRP = 0.003, in Fig. 5C, PCGRP = 0.002 and in Fig. 5D, PCGRP = 0.014).

Specifically, within the factor CGRP it was found that (i) at 24 h post-treatment, significant

differences were found in IL-6 and CCL2 production between CGRP at 4000 ng ml−1 versus

all other treatment groups (CGRP at 0, 25, 100 or 1000 ng ml−1); and (ii) at 48 h post-

treatment, IL-6 production upon CGRP stimulation was found to be significantly different at

both 1000 and 4000 ng ml−1 compared to CGRP at either 25 or 100 ng ml−1. Nevertheless,

similar to the findings in neonatal cultures, in adult glia, the production of CCL2 was also

significantly correlated with the production of IL-6 regardless of the treatment at both 24

and 48 h post-treatment (P < 0.001). Interestingly, the association between CCL2 and IL-6 is

much stronger in adult glia than in neonatal glia (Fig. 5A–D, at 24 h, r = 0.771 in neonatal

glia versus r = 0.942 in adult glia; and at 48 h, r = 0.719 in neonatal glia versus r = 0.904 in

adult glia; P < 0.001 for all comparisons of correlation coefficients via Fisher z

transformation).

Together with the in vivo data, the In vitro results, particularly those from the adult glia,

suggested a possible pathway of L5Tx → CD40 upregulation → CGRP upregulation/release

→ glial production of IL-6 and CCL2 → mechanical hypersensitivity. However, microglial

CD40 did not seem to directly affect glial IL-6 and CCL2 production, at least in adult glia.

Differential lumbar spinal cord CCL2 production post-L5Tx in WT versus CD40 KO mice

Previously, we have shown that L5Tx induced significant increases of IL-6 in the ipsilateral

lumbar spinal cord in both WT and CD40 KO mice (Cao et al., 2009a), thus it is not likely

that CGRP-induced IL-6 contributes significantly to the differences observed in neuropathic

pain behaviors after peripheral nerve injury between WT and CD40 KO mice. It is known
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that CCL2 plays a critical role in nerve injury-induced behavioral hypersensitivity (Abbadie

et al., 2003; Gao and Ji, 2010). Thus, CCL2 was the focus of our follow-up studies. First, to

determine whether CCL2 was involved in CD40-mediated mechanical hypersensitivity

following L5Tx, the levels of lumbar spinal cord CCL2 in both WT and CD40 KO mice at

days 0, 1, 3, 7, 14 and 21 post-L5Tx were measured. In WT mice, L5Tx induced a

significant elevation of CCL2 starting at day 1 post-L5Tx, and this elevation remained until

day 21 post-L5Tx. Sham surgery only induced a temporary increase of CCL2 at day 14 post-

surgery. In CD40 KO mice, L5Tx induced an increase of CCL2 that was most evident at day

7 post-L5Tx. However, unlike the result from L5Tx-operated WT mice, there was no longer

a significant increase of CCL2 in CD40 KO mice subjected to L5Tx by day 21 post-surgery.

Sham surgery did not induce significant increase of CCL2 in CD40 KO mice throughout the

sample collection period (Fig. 6; two-way ANOVA, Ptime = 0.002, Pgroup = 0.020 and

Pinteraction = 0.028).

In addition, the levels of CCL2 in the lumbar spinal cords collected from the animals treated

with CGRP8–37 (same animals used in Fig. 2) were also measured. No significant changes in

CCL2 levels were detected after CGRP8–37 treatment (data not shown). Thus, while CCL2

and CGRP are both CD40-dependent, they are likely independent of each other. The CD40-

mediated CCL2 expression occurs at a later time point than the CD40-mediated CGRP

expression. Therefore, CGRP cannot be dependent on CCL2, and based on our results, even

though it can be induced by CGRP in glial culture, spinal cord CCL2 is likely not dependent

on CGRP in the L5Tx model. Future studies will have to be done to determine the pathway

that leads to CD40-dependent CCL2 production, and it is possible that other cellular sources

of CCL2 are involved in the CD40-dependent production of CCL2. In all, the follow-up

studies suggest that CD40 can mediate behavioral hypersensitivity in a CCL2-dependent

manner that is independent of CGRP and a CGRP-dependent mechanism that is independent

of CCL2.

CONCLUSIONS

Our results suggest that CD40 contributes to the maintenance of behavioral hypersensitivity

following peripheral nerve injury through at least two independent mechanisms: (i) the

enhancement of CGRP expression; and (ii) the enhancement of spinal cord CCL2

production via a mechanism that likely includes non-glial cells.

DISCUSSION

Previously, we have demonstrated that microglial CD40 contributes to the maintenance of

L5Tx-induced mechanical hypersensitivity (Cao et al., 2009a). There are also pre-clinical

studies that support the pro-nociceptive role of CGRP in peripheral nerve injury-induced

neuropathic pain (Bennett et al., 2000; Gardell et al., 2003; Lee and Kim, 2007; Zheng et

al., 2008). Here, we examined the involvement of CGRP in CD40-mediated behavioral

hypersensitivity. First, the initial in vivo studies concerning CGRP expression and the effects

of a CGRP antagonist on L5Tx-induced mechanical hypersensitivity indicated a possible

pathway: L5Tx → CD40 upregulation → CGRP upregulation/release → mechanical

hypersensitivity. To investigate whether glial-produced proinflammatory factors were
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potential downstream mediators of CGRP upregulation and if CD40 stimulation had direct

effects on glial proinflammatory factor production, a series of in vitro studies were

performed. To our knowledge, this is the first study on the direct effects of CGRP on the

glial production of various proinflammatory cytokines/chemokines In vitro and how CD40

co-stimulation would affect these effects. These In vitro studies identified IL-6 and CCL2 as

likely CGRP-dependent mediators. Interestingly, we did observe CD40 stimulation

differentially affected CGRP-induced glial production of IL-6 and CCL2 based on the type

of glia used, with additive effects found in neonatal glia and a lack of any effect in adult

glia. As the microglial population is the primary cell population that expresses CD40 in the

spinal cord (Hickey et al., 1992; Cao et al., 2009b and our FACS data), this difference may

be attributed to the relatively lower microglial content that may lead to lower number of

CD40 expressing cells following stimulation in the adult cultures compared to the neonatal

cultures. (Nevertheless, before treatment, both cultures had similar numbers of CD40

expressing microglia (see the glial culture sections within Materials and Methods).)

However, these data can also indicate that microglial CD40 does not have a significant

direct effect on glial IL-6 and CCL2 production, particularly in adult glia (effects of CD40

on non-glial cells are possible, see below).

For the follow-up studies of the above in vivo and In vitro findings, we chose to focus on

CCL2. This is due to the result from a previous study in which we observed similar patterns

of L5Tx-induced lumbar spinal cord IL-6 production in WT and CD40 KO mice (Cao et al.,

2009a). We examined lumbar spinal cord CCL2 production in WT and CD40 KO mice and

found that the induction of CCL2 in CD40 KO mice was significantly reduced, particularly

at day 21 post-L5Tx. This could be attributed to CD40-mediated actions that could be either

dependent or independent of CGRP. The CGRP-dependent pathway, CD40 upregulation →

CGRP release → glial CCL2 production → mechanical hypersensitivity, which was

supported by the In vitro studies, was further tested by measuring the levels of lumbar spinal

cord CCL2 following the treatment of the CGRP antagonist CGRP8–37. Although CGRP8–37

significantly (but not completely) reversed L5Tx-induced mechanical hypersensitivity, it did

not significantly change lumbar spinal cord CCL2 production. It is possible that the dose of

CGRP8–37 used was not sufficient to reverse L5Tx-induced spinal cord CCL2 production.

However, despite the data from the In vitro studies, these results also suggest that in the

spinal cord, CGRP-mediated production of CCL2 (from glia or non-glia) contributes less to

the behavioral hypersensitivity than CCL2 production mediated by CD40 through a CGRP-

independent mechanism. According to the In vitro data, particularly those from the adult

glial cells, that showed CD40 did not affect glial IL-6 and CCL2 production, it is likely that

a substantial amount of CCL2 involved in the latter pathway (CGRP-independent) is either

produced by non-glial cells or not the direct result of the CD4O stimulation of microglia (i.e.

a multi-step pathway that likely involves other cell types). Interestingly, it has been well-

documented that neuronal expression of CCL2 plays a critical role in the development of

neuropathic pain (White et al., 2007). Altogether, our data suggest that both a CD40-

mediated, CGRP-dependent mechanism and a CD40-mediated, CCL2-dependent

mechanism are involved in L5Tx-induced mechanical hypersensitivity. Further studies are

necessary to delineate these pathways. Particularly, topics such as how microglial CD40

affects spinal cord CGRP expression and possibly its release from the central terminals of
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the primary sensory neurons, how the increased CGRP expression contributes to the

maintenance of neuropathic pain behaviors, what are the other cell types involved in the

CD40-dependent expression of CCL2, and how the involved cell types are affected by

microglial CD40, require further investigation.

Regarding CGRP expression, unlike what has been previously reported (Zheng et al., 2008),

we did not detect a significant difference in CGRP expression between the ipsilateral and

contralateral sides of the spinal cord dorsal horn following L5Tx. This may be in part due to

the different surgical models and rodent species used in the studies. Further, we did not

observe any significant changes in total CGRP content when EIA was used, although this

could be due to the sensitivity of the assays used (EIA versus IHC) and the regions analyzed

(total lumbar spinal cord (L4–L6) versus L5 dorsal horn laminae I–II). In addition, it has

been previously shown that CGRP expression in the spinal cord motoneurons was

differentially regulated in various types of nerve injury models (including spinal nerve

transection) and these changes within motoneurons may be different when compared to that

within the spinal sensory pathway (Piehl et al., 1991, 1998; Zheng et al., 2008; Chen et al.,

2010). Although changes in CGRP expression within the motoneurons is not our primary

focus here, it can be investigated in a future study, and such an exploration may help to

explain the observation mentioned above regarding the total lumbar spinal cord CGRP

content following L5Tx.

The induction of glial IL-6 and CCL2 following CGRP and/or CD40 stimulation was

detected with glial cells that did not receive LPS pre-treatment, but not with glia that were

Briefly pre-treated with a low dose of LPS (10 ng ml−1 for 1 h only). However, this is not

sufficient evidence to conclude that CGRP and CD40 exert no effect on glial IL-6 and CCL2

production when glial cells are activated. As shown in our study, glial production of both

IL-6 and CCL2 are dramatically enhanced with LPS pre-treatment and this may have

masked the effects of CGRP or CD40 stimulation. Further, it is known that cultured glial

cells are usually in a somewhat activated state (Tawfik et al., 2006). More clinically relevant

approaches for activating glia are needed to test the effects of CGRP and/or CD40

stimulation on glial responses when glial cells are activated.

Altogether, our study further supports and extends our previous observation that CD40 plays

a contributing role in the maintenance phase of the development of neuropathic pain

following peripheral nerve injury. This role can be in part attributed to CD40-mediated

maintenance of both the upregulation of CGRP and the increase of spinal cord CCL2.

However, our results indicate that it is less likely that CGRP plays its role through a CCL2-

dependent mechanism. We believe further investigation of these pathways will help to

identify novel drug targets for neuropathic pain treatment in the future.
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Fig. 1. CGRP expression in the lumbar spinal cord post-L5Tx in WT and CD40 KO mice
CGRP IHC was performed on L5 lumbar spinal cord sections of WT and CD40 KO mice

following either L5Tx or sham surgeries. The method used for analyzing CGRP expression

is described in the Materials and Methods and illustrated in A. A representative image of

one ipsilateral dorsal horn region is shown on the left panel. The total dorsal horn region and

the CGRP+ area were defined for this image and shown in the middle and right panel,

respectively. CGRP expression is represented as the ratio of CGRP+ area/total dorsal horn

area. Temporal changes of CGRP expression within the L5 lumbar spinal cord following

either L5Tx or sham surgeries in both WT (B, n = 3–7 per group) and CD40 KO (C, n = 3–4

per group) mice are shown. Data are presented as mean ± SEM. # indicates significant

differences between the indicated group and the corresponding non-operated controls (ipsi

versus left and contra versus right; ipsi = ipsilateral and contra = contralateral); * 1 indicates

the significant differences between the indicated group and all other groups within the same

time point; * 2 indicates the significant differences between indicated groups. Representative

images of ipsilateral dorsal horn region from WT and CD40 KO mice at 14 days post-L5Tx

are shown in (D). All images are at ×10 and scale bar = 50 μm.
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Fig. 2. L5Tx-induced mechanical hypersensitivity following CGRP8–37 administration
Adult BALB/c mice were subjected to L5Tx at day 0 followed by no injection (white),

CGRP 8–37 administration (black) or saline administration (gray) from day 6 to day 13 post-

L5Tx. Mechanical sensitivity was tested in all mice at selected times post-L5Tx using the

up-down method. All data are presented as mean ± SEM (n = 12 per group). * indicates

significant differences between the indicated group and its corresponding control group at

day 0; # indicates the significant differences between the indicated group and all other

groups within the same time point.
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Fig. 3. Effects of CGRP or anti-CD40 alone on the production of IL-6 and CCL2 from mixed
neonatal glial cells
Primary neonatal mixed glial cells were treated with various doses of either CGRP (0, 25,

100, 1000 or 4000 ng ml−1; n = 4–10 per group) or stimulatory anti-CD40 (0, 0.1, 1 or 10 μg

ml−1; n = 9–13 per group) for 24 or 48 h. Supernatants were collected and analyzed for a

panel of proinflammatory mediators. Data for IL-6 (A–D) and CCL2 (E–H) are presented as

mean ± SEM. Within each graph, * indicates the significant differences between the

indicated group and the non-treated control group; # indicates the significant differences

between the indicated group and all other groups within the graph. In (F), there are

significant differences between groups indicated with an ‘a’ and groups indicated with a ‘b’.
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Fig. 4. Effects of co-treatment of CGRP and anti-CD40 on the production of IL-6 and CCL2
from mixed neonatal glial cells
Primary neonatal mixed glial cells were co-treated with various doses of CGRP (0, 25, 100,

1000 or 4000 ng ml−1) and stimulatory anti-CD40 (0, 0.1, 1 or 10 μg ml−1) for 24 or 48 h

(A–D). Supernatants were collected and analyzed for IL-6 (A and B) and CCL2 (C and D)

production via ELISA. Data are presented as mean ± SEM (n = 4 per group). P values from

two-way ANOVA analyses are shown within selected graphs (details in the text). Within

each graph, * indicates the significant differences between the indicated group and the

corresponding control group that received 0 ng ml−1 CGRP, but the same anti-CD40

treatment; while # indicates the significant differences between the indicated group and the

corresponding control group that received no anti-CD40 but the same CGRP treatment.
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Fig. 5. Effects of co-treatment of CGRP and anti-CD40 on the production of IL-6 and CCL2
from adult spinal cord mixed glial cells
Primary adult spinal cord mixed glial cells were co-treated with various doses of CGRP (0,

25, 100, 1000 or 4000 ng ml−1) and stimulatory anti-CD40 (0, 0.1, 1 or 10 μg ml−1) for 24

or 48 h. Supernatants were collected and analyzed for IL-6 (A and B) and CCL2 (C and D)

production via ELISA. Data are presented as mean ± SEM (n = 4–6 per group). P values

from two-way ANOVA analyses are shown within selected graphs (details in the text). Post

hoc analyses within factor ‘CGRP’ were performed. significant differences (P < 0.05) were

found between CGRP treatments that are indicated with ‘a’ versus CGRP treatments that are

indicated with ‘b’. P is between 0.05 and 0.1 in the comparisons of CGRP treatments

indicated with ‘c’ and those indicated with ‘d’.
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Fig. 6. Levels of lumbar spinal cord CCL2 post-L5Tx in WT and CD40 KO mice
Adult WT and CD40 KO BALB/c mice were subjected to L5Tx or sham surgery. At

selected times post-L5Tx, lumbar spinal cords were collected and processed for the

determination of tissue levels of CCL2 via FlowCytomix assay. All data are presented as

mean ± SEM (n = 6 per group). # indicates significant differences between the indicated

group and its corresponding naïve control group; * indicates the significant differences

between the two identified groups within the same time point. P = 0.053 for the comparison

between the group indicated by @ and its corresponding naïve control group.

MALON et al. Page 23

Neuron Glia Biol. Author manuscript; available in PMC 2014 July 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


