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Abstract

C57BL/6 (B6) mice develop peripheral neuropathy post-LP-BM5 infection, a murine model of 

HIV-1 infection, along with the up-regulation of select spinal cord cytokines. We investigated if 

calcitonin gene-related peptide (CGRP) contributed to the development of peripheral neuropathy 

by stimulating glial responses. An increased expression of lumbar spinal cord CGRP was observed 

in vivo, post-LP-BM5 infection. Consequently, in vitro CGRP co-treatments led to a microglial 

content-dependent attenuation of viral loads in spinal cord mixed glia infected with selected doses 

of LP-BM5. This inhibition was neither caused by the loss of glia nor induced via the direct 

inhibition of LP-BM5 by CGRP.
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1. Introduction

As more effective antiretroviral therapies become available, human immunodeficiency virus 

(HIV)-1 infection is no longer represent a symbol of imminent death, but rather a chronic 

disease associated with a wide range of complications, including painful, HIV-associated 
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peripheral neuropathy (Cornblath and McArthur, 1988; Ellis et al., 2010; Hewitt et al., 1997; 

Miller, 1994; Simpson et al., 2002). Difficult to diagnose, HIV-associated peripheral 

neuropathy is often undertreated, which can, partially, be attributed to a lack of 

understanding of its pathophysiology (Cettomai et al., 2013; Cherry et al., 2005). 

Consequently, the FDA has not yet approved a treatment for HIV-associated peripheral 

neuropathy (Ellis et al., 2010).

In line with other studies, we have employed a murine retroviral isolate (LP-BM5) infection 

model to study HIV-1, as LP-BM5 induces a similar immunodeficiency syndrome (termed 

MAIDS) in susceptible C57BL/6 (B6) mice (Jolicoeur, 1991). Our current work has shown 

that B6 mice infected with LP-BM5 displayed behavioral and pathological signs of 

peripheral neuropathy, both of which were associated with tissue-specific cytokine 

expression, including the elevation of selected pro-inflammatory cytokines (such as IL-12) 

in the lumbar spinal cord, post-LP-BM5 infection (Cao et al., 2012).

Glial activation is a well-known contributor to HIV-associated neurological disorders 

(Kraft-Terry et al., 2009). Although few studies have explored the roles of glial cells in the 

development of HIV-associated peripheral neuropathy, animal studies have shown that 

spinal cord glial activation and the subsequent production of pro-inflammatory cytokines, 

can contribute to the development of HIV-1, gp120-induced sensory hypersensitivity (a 

behavioral sign of painful peripheral neuropathy) (Herzberg and Sagen, 2001; Milligan et 

al., 2000; Wallace et al., 2007; Zheng et al., 2011). As with HIV-1 in humans, the LP-BM5 

virus can gain access to the central nervous system (CNS), leading to the direct infection of 

microglia and astrocytes (Sei et al., 1992). Upon viral stimulation, glia have been reported to 

produce pro-inflammatory cytokines and cytotoxic factors capable of contributing to LP-

BM5-induced neuronal death and CNS symptoms (Kustova et al., 1998; Kustova et al., 

1996; Suzumura et al., 1998).

Comprised of 37 amino acids, calcitonin gene-related peptide (CGRP) is a member of the 

calcitonin family and is predominantly produced by primary afferent neurons of small and 

medium diameters (Arulmani et al., 2004). Following peripheral nerve injury, these subsets 

of primary afferent neurons have been shown to increase both the release and expression of 

CGRP in the spinal cord (Gardell et al., 2003; Zheng et al., 2008). The administration of a 

CGRP8-37, a CGRP antagonist, has been reported to reduce peripheral nerve injury-induced 

sensory hypersensitivity (Bennett et al., 2000; Lee and Kim, 2007). Furthermore, CGRP 

receptors have been detected on both microglia and astrocytes. We and others have 

previously reported on the CGRP-induced production of selected pro-inflammatory 

cytokines by glia (Malon et al., 2011; Moreno et al., 2002; Priller et al., 1995). Therefore, 

the current investigation was designed to elucidate the involvement of CGRP in LP-BM5-

induced peripheral neuropathy, more specifically, the potential influence of CGRP-induced 

glial responses in LP-BM5-induced peripheral neuropathy.
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2. Materials and Methods

2.1 Mice

Adult (7 wks old) male C57BL/6 (B6) mice were purchased from the National Cancer 

Institute (NCI, Frederick, MD) and were allowed to habituate to the animal facility at the 

University of New England (UNE, Biddeford, ME) for a minimum of one week prior to 

experimentation. All mice were group-housed with food and water ad libitum and 

maintained on a 12-hour light/dark cycle. The Institutional Animal Care and Use Committee 

at UNE approved all of the experimental procedures for this study.

2.2 LP-BM5 virus

LP-BM5 viral stock was initially obtained from Dr. William R. Green, Geisel School of 

Medicine at Dartmouth College (Hanover, NH). The viral stock was propagated and 

maintained in our laboratory as previously described (Cao et al., 2012). Aliquots of the viral 

stock were quantified using a previously reported XC plaque assay (Rowe et al., 1970) and 

stored at −80°C. For all in vivo studies, LP-BM5 was given intraperitoneally (i.p.) at 5 × 104 

plaque-forming units (PFU) per mouse.

2.3 CGRP immunohistochemistry (IHC)

Fluorescent IHC for CGRP was conducted following our previously published method using 

a rabbit anti-CGRP primary Ab (1:5,000, Sigma-Aldrich, St. Louis, MO) and a Cy3-anti 

rabbit IgG secondary Ab (1:800, Jackson ImmunoResearch Laboratories, West Grove, PA) 

(Malon et al., 2011). Prior methods were also employed to determine the CGRP expression 

in spinal cord dorsal horn slices (Malon et al., 2011). Total dorsal horn and CGRP+ areas 

were defined and measured for each L5 dorsal horn image and then the relative 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. All images were analyzed by persons blinded to the treatment groups.

2.4 Primary adult mixed glia culture and treatment

Primary adult mixed glia cultures were established using 8-week-old B6 mice and 

maintained in complete Dulbecco’s Modified Eagle Media (cDMEM) (Lonza, Walkersville, 

MD) containing 50 μM 2-mercaptoethanol (2-ME, Sigma-Aldrich) in 12-well plates as we 

have previously described (Malon et al., 2011). Media was replaced on days 2, 4, 8, and 12 

after the establishment of each culture. All cells were maintained at 37°C, in a humidified 

atmosphere with 5% CO2. Later, in order to obtain mixed glial cultures with higher 

microglial content, we followed a previously published method and incubated primary glia 

at 36°C until treatment (data in Figures 3 and 4; see below for detail) (Mayer et al., 2001).

Primary mixed glial cells were considered ready for treatment at 14 days after the 

establishment of the culture. Prior to treatment, the following were performed on each 

culture set: 1). Supernatants were collected and stored at −20°C for baseline cytokine 

measurements; 2). The average number of viable cells per well was determined by 

harvesting cells from several representative culture wells followed by enumeration with a 

hemocytometer using trypan blue exclusion stain (Sigma-Aldrich). The average number of 
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cells per well for all experiments (at 37°C and 36°C) was 94,045 ± 10,772 (mean ± SEM) 

per well. No significant differences in the total cell number per well were observed when 

cells were cultured at 36°C vs. 37°C. Additionally, the microglial content within cells 

collected ((2) above) was analyzed via flow cytometry using monoclonal antibodies (mAbs) 

against CD45 and CD11b (eBiosciences, San Diego, CA) as previously described (Malon et 

al., 2011). The CD45loCD11b+ population was identified as microglia. Mixed glia cultured 

at 37°C had an average microglial content of 9.28% ± 2.08 whereas mixed glia cultured at 

36°C had an average microglial content of 26.23% ± 7.15.

Virus stock for the LP-BM5 infection was serially diluted in sterile, phosphate-buffered 

saline (PBS) containing 0.1μg/μl polybrene (Sigma-Aldrich) to promote the binding of the 

virus to target cells. After media removal, cells were inoculated with 100 μl/well of diluted 

virus. The final concentrations of LP-BM5/well were 0, 101, 102, and 103 (PFU). All plates 

were then incubated for 1 hour at 37°C, with gentle rocking every 15 minutes to ensure an 

equal distribution of virus-containing solutions. In separate pilot experiments, we 

determined (via XC plaque assay, see below) that the amount of viable virus showed no 

significant change for at least 4 hours when incubated in PBS alone. Following incubation, 

900 μl of cDMEM containing 2-ME, both with and without 1,000 ng/ml of CGRP (Alpha 

Diagnostic, San Antonio, TX), were added to selected culture wells. The dose of CGRP was 

selected based upon both observations from our previous study regarding CGRP’s effects on 

mixed glia (Malon et al., 2011) and our pilot experiments involving infected glia.

Media was changed on days 1 and 4, post-infection. Briefly, plates were centrifuged at 281 g 

for 5 minutes (4°C). Half of the supernatant (500 μl) was then collected from each well and 

stored at −20°C until cytokine/chemokine analyses were performed. Each well was 

replenished with 500 μl of fresh media. Depending upon the experiment (single CGRP 

treatment vs. repeated CGRP treatment), wells treated with CGRP received fresh media 

either with, or without CGRP (at 1,000 ng/well). On day 7, post-infection, supernatants from 

each well were collected as described above, and cells were harvested through 

trypsinization. Cells were then lysed in a single freeze and thaw cycle. Cell lysates were 

collected and used for plaque assay (see below).

2.5 XC Plaque Assay

XC plaque assays were performed using a protocol adapted from Rowe et. al 1970 (Rowe et 

al., 1970). Briefly, cDMEM-suspended SC-1 cells (American Type Culture Collection 

(ATCC) Manassas, VA) were seeded into 6-well plates (VWR, Bridgeport, NJ) at a 

concentration of 200,000 cells/4 ml/well. Plates were incubated overnight at 37°C with 5% 

CO2. The following day, SC-1 cells were washed with PBS and 500 μl of individual serially 

diluted samples (glial cell lysates in section 2.4, or viral suspension in section 3.4, diluted in 

PBS containing polybrene at 0.0024 μg/μl) were added to each well. Virus stock was used as 

a positive control and PBS/Polybrene solution was used as a negative control. Plates were 

then incubated and manually rocked every 15 minutes for 1 hour at 37°C with 5% CO2. 

Seven ml of cDMEM were then added to each well, and plates were incubated at 37°C with 

5% CO2. Four days later, media were removed and plates were placed approximately 10 cm 

from an ultra-violet (UV) light source and exposed to UV light for 25 seconds. Following 
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irradiation, 1 × 106 XC cells (ATCC) suspended in 4 ml of cDMEM were added to each 

well. Plates were incubated at 37°C with 5% CO2 for 3 additional days. XC cells were then 

fixed with 2 ml methanol (Fisher, Pittsburg, PA) and stained with 2 ml of 2% methylene 

blue (VWR) at room temperature for 30 minutes. Excess methylene blue was gently washed 

with tap water and plaques appeared as unstained areas in each well. Plaques were counted 

and viral concentrations were calculated.

2.6 RNA isolation and real-time quantitative RT-PCR (qRT-PCR) for viral load

Cell pellets were collected at the end of each experiment and stored at −80°C until viral load 

was quantified. LP-BM5 is a retroviral mixture that contains mainly a pathogenic, yet 

replication-defective virus (BM5def), and a non-pathogenic helper virus (ecotropic (mouse 

tropic) retrovirus (BM5eco)) (Chattopadhyay et al., 1989). Cellular viral load was 

determined by evaluating the expression of both BM5def and BM5eco gag RNAs via qRT-

PCR, as previously described (Cao et al., 2012; Cook et al., 2003; Giese et al., 1994). 

Briefly, total RNA was isolated via the RNeasy kit (Qiagen, Valencia, CA). cDNA was 

synthesized with the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA) from 0.5 μg of 

total RNA, and qRT-PCR was performed by amplifying the cDNA (1 μl) with the SYBR 

Green Supermix (Bio-Rad) on an iCycler with iCycler iQ software (Bio-Rad). Mouse β-

actin RNA expression was measured in parallel. The relative expression levels of the 

BM5def gag and BM5eco gag genes were calculated via the ΔΔCt method using β-actin 

expression as the control. In each experiment, 2-3 wells of cells were pooled for RNA 

extraction and the subsequent qRT-PCR. Experiments were replicated several times for 

statistical analysis. Due to the variation between experiments and in order to make fair 

comparisons, within each experiment, the viral level of LP-BM5-treated group was set at 

100% and viral levels for all other groups were normalized to the LP-BM5-treated group.

2.7 MTT assay

Following the various treatments described above, an MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) assay (Sigma-Aldrich) was used to determine cell 

viability. The assay was performed according to the manufacturer’s guidelines. Due to the 

variation between experiments and in order to make fair comparisons, within each 

experiment, the OD570 values of the non-treated control group (PBS) was set at 100% and 

the OD570 values for all other groups were normalized to the PBS control group.

2.8 Enzyme-linked immunosorbent assay (ELISA)

ELISAs for mouse cytokines/chemokines: IL-1β, IL-6, IL-12/IL-23 p40, TNFα, INFγ (R&D 

Systems, Minneapolis, MN), and CCL2 (BD Biosciences, San Jose, CA) were performed 

using detection kits in accordance with the manufacturer’s protocols. The standard series 

ranged as follows: 0-1,000 pg/ml for IL-1β, IL-6, IL-12/IL-23 p40, and CCL2; 0-2,000 

pg/ml for TNFα and INFγ.

2.9 Statistical analysis

All graphs were generated using SigmaPlot (Systat Software, Inc.) and all statistical 

analyses were performed with SigmaStat 3.5 software (Systat Software, Inc.). When 
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multiple groups were compared, appropriate analyses of variance (ANOVA) were 

performed followed by Student-Newman-Keuls (SNK) Post hoc analysis. The linear 

regression curve was generated using SigmaPlot and analysis of correlation was performed 

via SigmaStat3.5 linear regression analysis. All data are presented as mean ± SEM, and p < 

0.05 was considered statistically significant.

3. Results

3.1 LP-BM5-induced lumbar spinal cord CGRP expression

Previously, we have shown that LP-BM5 infection induces peripheral neuropathy and that 

mice infected with LP-BM5 display neuropathic pain-like behaviors, i.e. increased hind paw 

sensitivities to mechanical and heat stimulations (Cao et al., 2012). Due to the pro-

nociceptive effects of CGRP found in other animal models of neuropathic pain (Arulmani et 

al., 2004; Bennett et al., 2000; Gardell et al., 2003; Lee and Kim, 2007; Zheng et al., 2008), 

we examined CGRP expression in the lumbar spinal cord following LP-BM5 infection via a 

time course study (Figure 1). As previously described, relative CGRP expression was 

indicated by the ratio between the CGRP+ area within the dorsal horn and the total dorsal 

horn area. Since no significant difference in CGRP expression between the left and right 

side of the spinal cord dorsal horn was observed (paired t-test, p = 0.572), further 

comparison was performed using two-way ANOVA factoring time and infection. It was 

found that LP-BM5 induced a significant increase of CGRP expression from 8 to 12 weeks, 

post-infection, when compared to non-infected mice (Figure 1B, two way ANOVA, ptime = 

0.020, pinfection = 0.001 and ptimexinfection = 0.218).

3.2 CGRP induced glial responses post-LP-BM5 infection in vitro

We hypothesized that CGRP could stimulate spinal cord glial responses, such as 

proinflammatory responses, that then contribute to the development of peripheral 

neuropathy via central sensitization. Therefore, we evaluated the effects of CGRP on glial 

cell responses to LP-BM5 infection, in vitro. Glial cells were treated with CGRP either once 

or repeatedly, as described in the Materials and Methods. Interestingly, with both treatment 

regimens, when glial cells were treated with a selected dose of LP-BM5 (10 PFU for single 

CGRP treatment and 100 PFU for repeated CGRP treatment; these doses were used for later 

experiments), lower viral loads were detected in CGRP-treated glial cells compared to cells 

that were not treated with CGRP (Figure 2A and B), suggesting a potential viral inhibitory 

effect by CGRP. Further analysis indicated that CGRP’s inhibitory effect is dependent upon 

the content of microglia within the mixed glial cells at the time of infection, i.e. CGRP 

exhibited a greater viral inhibitory effect when microglial content was increased. This effect 

is particularly significant when repeated CGRP treatments were used (Figure 2C, analysis of 

correlation indicates p = 0.004). According to the regression curve, CGRP’s inhibitory effect 

is most evident when microglial content is above ~5%. Thus we defined mixed glial cultures 

that had greater than 5% of microglia as microglia-rich cultures and thoes had less than 2% 

of microglia as microglia-poor cultures.

From the same above experiments, supernatants were collected at days 1, 4, and 7 post-

infection and their contained pro-inflammatory cytokines/chemokines: IL-1β, IL-6, TNFα, 
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IL-12/IL-23 p40, INFγ and CCL2 were measured via ELISAs. Both IL-1β and IFNγ levels 

were too low to detect. With regard to the remaining cytokines/chemokines, there was a 

general increase in cytokine/chemokine production with time; however, no significant 

treatment effects (via LP-BM5 or CGRP) were detected at any of the collection times. 

Representative cytokine/chemokine data are shown in Table 1.

To further confirm CGRP’s viral-reducing effect in mixed glial cells, we performed similar 

experiments with repeated CGRP treatment and quantified viral loads using another method, 

qRT-PCR. Since CGRP’s effect was microglial-content dependent, we prepared additional 

sets of mixed glial cultures that were microglia-rich (see Materials and Methods for more 

detail). Consistent with the results obtained from the plaque assay (Figure 2B), when 

microglial content was greater than 5% at the time of treatment (5% was chosen based on 

the regression curve in Figure 2C), we observed that CGRP significantly reduced the levels 

of BM5def RNA at day 7 post-treatment (Figure 3A, one-way ANOVA, p < 0.001 and p < 

0.05 LP-BM5 vs. LP-BM5+CGRP group). Levels of BM5 eco were also reduced with 

CGRP treatment, however, they did not reach statistical significance (Figure 3B, one-way 

ANOVA, p = 0.03). When microglial content was less than 2% at the time of treatment 

(microglia-lacking), as suggested by the results in Figure 2, CGRP did not significantly 

reduce the viral loads in mixed glia (Figure 3C and D). Instead, it appears that CGRP 

increased the RNA levels of both BM5def and BM5eco (Figure 3C, one-way ANOVA, p = 

0.022; Figure 3D, one-way ANOVA, p = 0.034). Altogether, our data showed that CGRP 

significantly reduced LP-BM5 viral levels in mixed glia when microglial content is 

relatively high (> 5%).

3.3 Effects of CGRP on glial cell viability post-LP-BM5 infection

To determine whether CGRP induced the reduction of viral loads within mixed glial cells 

via the promotion of glial cell death upon-infection, we tested the viability of microglia-rich 

mixed glial cells that were treated with LP-BM5 ± CGRP via MTT assay. CGRP did not 

significantly change the cell viability of infected mixed glial cells (Figure 4). Thus, CGRP 

does not reduce viral load within mixed glia by reducing the numbers of host cells.

3.4. Direct effects of CGRP on LP-BM5 virus

We also tested whether CGRP had a direct effect on viral viability in a cell-free 

environment. Viral particles were suspended in PBS (104 PFU/ml) containing varying 

concentrations of CGRP (0-10,000 ng/ml) and incubated at 37°C for 1 hour. At the end of 

the incubation, all viral suspensions were collected and subjected to the XC plaque assay for 

the determination of their viral content. All samples showed similar levels of virus, 

indicating that CGRP did not directly inhibit the survival, or replication of LP-BM5 virus 

that is not associated with host cells (Figure 5).

4. Discussion

Often accompanied by pain, HIV-associated peripheral neuropathy is the most common 

neurological disorder linked to HIV-1 infection. Yet, the mechanisms responsible for this 

complication are still poorly understood (Cornblath and McArthur, 1988; Ellis et al., 2010). 
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Previously, we have shown that B6 mice infected with LP-BM5 display sensory 

hypersensitivity (indicative of painful peripheral neuropathy), along with the development of 

peripheral immunodeficiency (Cao et al., 2012). It has been shown that administration of a 

CGRP antagonist can reduce peripheral nerve injury-induced sensory hypersensitivity, 

indicating a pro-nociceptive role for CGRP (Bennett et al., 2000; Lee and Kim, 2007). To 

help elucidate the pathophysiology of retroviral infection-induced painful neuropathy, we 

investigated the role of spinal cord CGRP during LP-BM5 infection. Similar to the 

observations made in some models of nerve injury-induced neuropathic pain, our study 

found that the LP-BM5 infection induced an increased expression of CGRP in the lumbar 

spinal cord dorsal horn. As this increase can be correlated to the development of previously-

observed, LP-BM5-induced neuropathic pain-like behaviors, we evaluated whether or not 

CGRP’s pro-nociceptive role is mediated by stimulating spinal cord glial responses, 

particularly cytokine production.

Our study revealed the surprising and exciting result that infected mixed glial cells treated 

with CGRP showed reduced viral loads. Cell viability tests and direct incubation of CGRP 

with LP-BM5 in a cell-free environment indicate that this reduction of viral load was not 

due to significant death of host cells upon infection, or due to the direct killing of LP-BM5 

by CGRP. Thus our data suggest a potential anti-retroviral effect for CGRP upon its 

interaction with the host cells. Further investigation may lead to novel anti-retroviral 

therapies, which could be particularly beneficial to the development of new anti-HIV-1 

treatments. Consistent with our findings, a recent report indicated an inhibitory role of 

CGRP in Langerhans cell-mediated HIV-1 transmission (Ganor et al., 2013). Since our 

study suggests that CGRP does not directly kill the virus, future studies will focus on 

CGRP’s effects on host cells, as well as the interactions between the host cells and the virus. 

Of particular interest, murine cationic amino acid 1 (mCAT-1) is an established host cell 

receptor for LP-BM5 (Albritton et al., 1989; Wang et al., 1991). N-linked glycosylation of 

the virus binding domain within mCAT-1 and the subsequent conformational changes of 

mCAT-1 have been associated with increased resistance to LP-BM5 infection (Eiden et al., 

1994; Wang et al., 1996). CGRP may reduce the susceptibility of glia to the LP-BM5 virus 

by modifying the levels of glycosylation of mCAT-1. Furthermore, CGRP may reduce LP-

BM5 viral replication through the activation of several intracellular signaling pathways. It is 

known that CGRP conveys signals through CLR/RAMP1 receptors located in the cell 

membrane of glia (Eftekhari et al., 2010). Activation of CGRP receptors results in elevated 

cAMP levels and activation of protein kinase-A (PKA)-mediated pathways. Elevated levels 

of cAMP have been associated with halted HIV-1 viral transcription in T cells and dendritic 

cells (Moreno-Fernandez et al., 2012). CGRP has also been shown to signal through the NF-

kB pathway and selected mitogen-activated protein kinase (MAPK) pathways (Millet et al., 

2000; Parameswaran et al., 2000; Zhang et al., 2006). Activation of both the PKA and NF-

kB pathways is thought to be involved in CGRP-induced inhibition of HIV-1 transmission 

via Langerhans cells (Ganor et al., 2013). MAPK pathways have also been implicated in 

HIV replication (Cohen et al., 1997; Emori et al., 2004; Zybarth et al., 1999). Particularly, 

p38 MAPK-mediated phosphorylation of heat shock protein (hsp) 27 has been shown to 

interfere with HIV-1 replication by inhibiting the HIV-1 viral protein R (Vpr)-induced cell 

arrest (Liang, 2007). Thus, further examinations of these pathways using the LP-BM5 model 
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may assist in the delineation of CGRP’s role in retroviral infection and its possible 

therapeutic functions against retrovirus, such as HIV-1 infection.

Interestingly enough, CGRP’s anti-retroviral effect in glia is dependent upon the microglial 

content. This is important because microglia are known to be associated with many 

neurological disorders, including HIV-associated neurological disorders (Kraft-Terry et al., 

2009). Microglia can serve as an HIV-reservoir for infected individuals (Kramer-Hammerle 

et al., 2005). Similarly, microglia are thought to both harbor and help spread the LP-BM5 

virus in the CNS of LP-BM5-infected B6 mice (Sei et al., 1998). Further investigation of 

CGRP’s anti-retroviral effect could offer an anti-retroviral treatment that is specifically 

targeting microglia. Additionally, it is known that besides microglia, both HIV and LP-BM5 

can infect astrocytes (Narasipura et al., 2014; Ojeda et al., 2014; Sei et al., 1998). The 

observed microglia-dependent effects may indicate differential CGRP-induced signaling 

pathways among microglia and astrocytes. The potential unique interactions between 

microglia and astrocytes during retroviral infection may exist as well. A recent study 

reported that, upon CNS simian immunodeficiency virus infection, astrocyte-producing 

chemokine CCL2 can regulate macrophage expression of anti-viral cytokines, such as IFNα, 

IFNβ, and their related genes (Zaritsky et al., 2012). As we did not observe significant 

CGRP-induced changes in the production of selected cytokines/chemokines by glia, CGRP’s 

anti-retroviral effects are less likely to involve glial cytokines/chemokines. However, it is 

possible that CGRP exerts its effects on glial cells by regulating the expression and function 

of cytokine/chemokine receptors. Similar regulation by CGRP has been observed in 

dendritic cells (Mikami et al., 2014).

In conclusion, our data demonstrated that the LP-BM5 infection induced a significant, 

elevated expression of CGRP within the lumbar region of murine spinal cords, in vivo. This 

elevation may serve as a protective mechanism against an LP-BM5 viral infection within the 

CNS. CGRP’s anti-retroviral effects are not due to its direct toxicity to host glial cells or LP-

BM5 virus. Further investigations of CGRP’s anti-retroviral effects are necessary, as their 

results might benefit the development of novel anti-retroviral treatments for HIV-related 

neurological disorders.
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Highlights

• There was a significant upregulation of spinal cord CGRP in Murine AIDS 

infection.

• CGRP reduced viral load in mixed glia in a microglial content-dependent 

manner.

• CGRP’s anti-retroviral effect requires interaction between CGRP and host cell.
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Figure 1. Spinal cord CGRP expression following LP-BM5 infection in B6 mice
Adult B6 mice were randomly assigned into non-infected and LP-BM5 infected groups 

(5×104 PFU per mouse, i.p.). Lumbar spinal cords were collected before infection and 2, 4, 

6, 8, 10, and 12 weeks post-infection and then processed for IHC to examine CGRP 

expression. Representative images of the right side of lumbar spinal cord dorsal horn region 

from non-infected (A) and infected (B) mice 12 weeks post-infection are shown here (10 ×, 

scale bar = 50 μm). CGRP expression was quantified as described in the Materials and 

Methods. Quantitative data are shown in C (Mean ± SEM, n = 4). Paired t-test was first 

performed to determine the differences between the left and right sides. And then two-way 

ANOVA was performed using time and infection as factors followed by the SNK post-hoc 

test. * indicates p < 0.05 between the designated treatment groups regardless of the side (left 

or right). # indicates p < 0.05 between the designated group and the corresponding week 0 

control group regardless of the side (left or right).
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Figure 2. Effects of CGRP on viral loads in LP-BM5 infected mixed glial cells
Adult spinal cord mixed glial cultures were prepared as described in the Materials and 

Methods. Cells were infected with various doses of LP-BM5 ± CGRP (1000 ng/ml) 

treatment (either once (A, n = 4) or repeatedly (B, n = 4-6 for all groups except n = 2 for LP-

BM5 at 1000 PFU/well)). Viral loads were determined at day 7 post-infection via XC plaque 

assay. All data are presented as Mean ± SEM. For data with each type of CGRP treatment, 

two-way ANOVA was performed using viral dose and CGRP treatment as factors followed 

by the SNK post-hoc test. * indicates p < 0.05 between the designated group and the 

corresponding non-CGRP treated group with the same dose of viral infection. # indicates p < 

0.05 between the designated group and the corresponding non-infected control group. In C, 

data collected from cultures treated with 100 PFU/well of LP-BM5 ± repeated treatment of 

CGRP were used to generate the dot plot: viral loads with CGRP treatment/viral loads 

without CGRP treatment vs. microglial content within each set of culture. Dash line (ratio 

between viral loads = 1) indicates no CGRP effects. The microglial content (5.11) at which 

the viral load ratio equals 1 is marked on the x-axis. The linear regression curve (solid line) 

and r2 value are shown within the graph.
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Figure 3. Effects of CGRP on viral loads in LP-BM5 infected microglia-rich and microglia-
lacking mixed glial cells
Adult spinal cord mixed glial cultures were prepared as described in the Materials and 

Methods. Cells were infected with various doses of LP-BM5 (100 PFU/well) ± repeated 

CGRP (1000 ng/ml) treatment as described in Figure 2. Viral loads were determined at day 

7 post-infection via qRT-PCR. The gag genes of both of the BM5def and BM5eco were 

examined. Data are presented separately based on the microglial content within the mixed 

glia at the time of treatment. Cultures with microglial content greater than 5% are defined as 

microglia-rich cultures (A and B, n = 5) and cultures with less than 2% of microglia are 

defined as microglia-lacking cultures (C and D, n = 3). Within each set of experiments, LP-

BM5 infected group was set at 100% and all other groups were normalized to LP-BM5 

infected group. Note that the values for non-infected groups, “PBS” and “CGRP” groups are 

either 0 or extremely low, thus no group bars for these groups are seen in each graph. All 

data are presented as Mean ± SEM. One-way ANOVA was performed followed by the SNK 

post-hoc test. Within each graph, values of either infected groups are significantly different 

from that of either non-infected groups. * indicates p < 0.05 between the designated groups.
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Figure 4. Cell viability following LP-BM5 ± CGRP treatment
Microglia-rich adult spinal cord mixed glial cultures were prepared as described in the 

Materials and Methods. Cells were infected with 100 PFU/well of LP-BM5 ± repeated 

CGRP treatment (1000 ng/ml). Cell viability was measured via MTT assay at 7 days post-

infection. Within each experiment, the average OD570 values for PBS group was set as 

100% and all other treatment groups were normalized to the PBS group. Data are presented 

as Mean ± SEM (n = 3). One way ANOVA was performed and no significant changes in 

cell viability following treatment were found.
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Figure 5. Direct effects of CGRP on LP-BM5 virus
LP-BM5 (104 PFU/ml) were incubated with CGRP at various doses in PBS at 37°C for 1 

hour. At the end of incubation, the viral load of each viral suspension was determined via 

XC plaque assay. Viral counts are presented as Mean ± SEM (n = 3). One way ANOVA was 

performed and no significant differences were found between any groups.

Malon et al. Page 18

J Neuroimmunol. Author manuscript; available in PMC 2016 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Malon et al. Page 19

Table 1
Production of selected cytokines/chemokines by mixed glia 7 days following LP-BM5 
infection (100 PFU/well) with and without repeated CGRP (1000 ng/ml) treatment

Treatment
CGRP(ng/ml)/LP-BM5
(PFU/well)

0/0 1000/0 0/100 1000/100

IL-6 (mean ± SEM) 378.08 ± 178.44 326.78 ± 114.58 300.19 ± 129.29 340.31 ± 104.51

TNF-alpha (mean ± SEM) 10.93 ± 2.65 8.27 ± 2.03 8.44 ± 3.18 5.76 ± 2.50

IL-12/IL-23 p40 (mean ± SEM) 37.88 ± 13.47 40.47 ± 13.72 22.35 ± 6.78 19.57 ± 6.22

CCL2 (mean ± SEM) 12714.11 ± 7344.53 11210.38 ± 5855.77 13172.59 ± 6278.97 10025.88 ± 4255.77
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