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Abstract

Pain patients who are nicotine dependent report a significantly increased incidence and severity of 

pain intensity. The goal of this study was to determine the effects of prolonged nicotine 

administration on inflammatory proteins implicated in the development of peripheral and central 

sensitization of the trigeminal system. Behavioral, immunohistochemical, and microarray studies 

were utilized to investigate the effects of nicotine administered daily for 14 days via an 

Alzet®osmotic pump in Sprague Dawley rats. Systemic nicotine administration caused a 

significant increase in nocifensive withdrawals to mechanical stimulation of trigeminal neurons. 

Nicotine stimulated expression of the pro-inflammatory signal transduction proteins 

phosphorylated-extracellular signal-regulated kinase (p-ERK), phosphorylated-c-Jun N-terminal 

kinase (p-JNK), and protein kinase A (PKA) in the spinal trigeminal nucleus. Nicotine also 

promoted elevations in the expression of glial fibrillary acidic protein (GFAP), a biomarker of 

activated astrocytes, and the microglia biomarker ionized calcium-binding adapter molecule 1 

(Iba1). Similarly, levels of eleven cytokines were significantly elevated with the largest increase in 

expression of TNF-α. Levels of PKA, p-ERK, and p-JNK in trigeminal ganglion neurons were 

increased by nicotine. Our findings demonstrate that prolonged systemic administration of nicotine 

promotes sustained behavioral and cellular changes in the expression of key proteins in the spinal 

trigeminal nucleus and trigeminal ganglion implicated in the development and maintenance of 

peripheral and central sensitization.
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INTRODUCTION

Migraine is a painful neurological disorder that affects 18% of the general population, with 

prevalence highest in women of childbearing age (Buse et al., 2013). Migraineurs are 

thought to have a hyperexcitable nervous system characterized by a heightened sensitivity 

toward external stimuli that may be responsible for triggering a migraine attack (Dodick and 

Silberstein, 2006). Sensitization and activation of trigeminal nerves, which provide a 

*Corresponding author. Address: Center for Biomedical & Life Sciences, Missouri State University, 524 N, Boonville Avenue, 
Springfield, MO 65806, USA. pauldurham@missouristate.edu (P. L. Durham). 

CONFLICT OF INTEREST
The authors of this paper do not have any conflict of interests to report.

HHS Public Access
Author manuscript
Neuroscience. Author manuscript; available in PMC 2018 April 11.

Published in final edited form as:
Neuroscience. 2015 April 02; 290: 115–125. doi:10.1016/j.neuroscience.2015.01.034.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nociceptive pathway from the peripheral tissues to the spinal trigeminal nucleus, is 

implicated in migraine pathology. A lowering of the activation threshold of trigeminal 

nociceptive neurons indicative of neuronal sensitization is associated with increased neuron-

glia interactions and cellular changes in ion channels, receptors, gap junctions, and signal 

transduction pathways (Hucho and Levine, 2007). These cellular changes are mediated by 

increases in neuronal and glial expression of signal transduction proteins and elevated levels 

of cytokines in both the trigeminal ganglion and spinal trigeminal nucleus. In particular, 

members of the mitogen-activated protein kinase (MAPK) family and protein kinase A 

(PKA) are involved in intracellular signaling cascades that promote neuron–glia interactions 

and maintain a hyperexcitable state of nociceptive neurons (Ji et al., 2009; Seybold, 2009). 

Cytokines are a large family of proteins that modulate inflammatory responses and also play 

an important role in the development of peripheral and central sensitization, (Miller et al., 

2009) and elevated cytokine levels have been reported in serum and the cerebrospinal fluid 

in migraine patients (Rozen and Swidan, 2007; Uzar et al., 2011).

Nicotine is a widely abused, alkaloid substance that accounts for about 0.6–2.9% of the dry 

weight of tobacco (Hoffmann and Hoffmann, 2012) and is reported to cause activation and 

hypersensitivity of neurons and to elicit pain (Liu and Simon, 1996). In support of this 

notion, pain patients who are chronic tobacco users and have severe nicotine dependency 

report significantly greater pain intensities than non-users (Weingarten et al., 2008; 

Zvolensky et al., 2009; Shi et al., 2010). In a study conducted by the Mayo clinic, pain 

patients diagnosed with a variety of pathologies and who were nicotine dependent also 

reported higher pain intensities that interfered with daily activities and mood (Weingarten et 

al., 2008). Similarly, findings from a later study showed a strong correlation existed between 

chronic pain and nicotine dependence (Zvolensky et al., 2009). This correlation likely 

extends to migraine sufferers since smokers are significantly more likely to experience 

autonomic symptoms during migraine attacks than non-smokers (Rozen, 2011) and heavy 

smoking is considered a risk factor for migraine (Le et al., 2011; Schramm et al., 2013). 

Nicotine exhibits high affinity for nicotinic acetylcholine (nAch) receptors, which are 

expressed on trigeminal neurons as well as astrocytes and microglia (Liu et al., 1998; De 

Simone et al., 2005; Oikawa et al., 2005). Nicotine activation of nAch receptors leads to an 

increase of intracellular calcium that facilitates increased neuronal and glial excitability 

(Delbono et al., 1997; Oikawa et al., 2005; Michel et al., 2011). Although nicotine 

dependency is associated with elevated pain states, the cellular mechanisms by which 

nicotine use affects the excitability state of trigeminal neurons are not well understood.

Sensitization of trigeminal nociceptive neurons is implicated in the underlying pathology of 

migraine (Pietrobon and Moskowitz, 2013). In our study, changes in nocifensive responses 

to mechanical stimuli over the eyebrow and masseter areas in response to prolonged nicotine 

administration were investigated. Immunohistochemistry was also utilized to determine 

changes in protein levels in neurons and glia implicated in the development of peripheral and 

central sensitization in response to prolonged nicotine administration. In addition, changes in 

the level of 29 cytokines in trigeminal ganglia and upper spinal cord tissue were investigated 

using cytokine protein profiling arrays. Results from our study provide evidence that 

prolonged nicotine administration equivalent to smoking >20 cigarettes per day increased 

sensitivity to mechanical stimuli in the facial area, which correlated with increased 
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expression of proteins in the trigeminal ganglion and spinal cord that are known to promote 

peripheral and central sensitization of nociceptive neurons.

EXPERIMENTAL PROCEDURES

Animals

All animal studies were conducted in accordance with the protocols approved by the 

Institutional Animal Care and Use Committee at the Missouri State University and were in 

compliance with all guidelines established in the Animal Welfare Act of 2007 and National 

Institutes of Health. A mindful effort was made to minimize the number and suffering of the 

animals used during this study. Animals were housed in standard, clean plastic cages that 

allowed unrestricted access to food and water. Animals were acclimated to the environment 

that included a 12-h light/dark cycle upon arrival one week prior to use. All procedures were 

conducted at the same time of the day, between the hours of 7:00 a.m. and 12:00 p.m.

Administration of nicotine

Adult Sprague–Dawley male rats (200–250 g; Charles River Laboratories, Wilmington, MA, 

USA) were monitored until growth weights stabilized (400–500 g). Animals were 

anesthetized by inhalation of isoflurane (3–5%). Incision sites were prepared for pump 

implantation by trimming the hair located over the surgical area and disinfecting the site 

with 70% ethanol and Betadine scrub (Patterson Companies Inc, Devens, MA, USA). 

Breathing rates were monitored visually, and body temperature was maintained throughout 

the procedure through use of a Gaymar water blanket (Patterson Companies). Using the 

aseptic technique, an incision was made on the dorsal side inferior to the scapula using a 

sterile surgical scalpel. An Alzet®Osmotic Pump (Alzet, Cupertino, CA, USA) containing 

either 1× phosphate-buffered saline (PBS) or a PBS-buffered solution that systemically 

delivered nicotine hydrogen tartrate at 32-mg/kg/day (10.4-mg/kg/day as a free base; Sigma, 

St. Louis, MO, USA) when released at a rate of 5.22 μl/h for two weeks. Pumps were 

subcutaneously implanted and the incision was closed with Weblon nylon sutures (Patterson 

Companies). Animals were monitored during recovery and again 24 h after the procedure for 

normal grooming and feeding behaviors. Sutures were removed under 2% isoflurane seven 

days post-procedure and wounds were checked for infection. Nicotine or PBS was 

administered for two weeks, at which point animals were euthanized by CO2 asphyxiation 

and decapitation. Trigeminal ganglia and C1/C2 spinal cord tissue containing the dorsal 

medullary horn of the spinal trigeminal nucleus were acquired through cranial dissection. 

Spinal cord tissues were cut evenly from superior to inferior down the midline with a 

scalpel. The right side was used for immunohistochemistry and the left side used for 

cytokine analysis. If at any point during the study an animal showed signs of infection, 

excessive weight loss, abnormal behavior, or distress, the animal was removed from the 

study.

Measurement of cotinine levels

Serum levels of cotinine, which is the primary metabolite of nicotine, were measured at the 

end of the 2 week of administration to validate that the pumps were functioning properly. 

Blood samples were collected in BD Vacutainer®Plastic Serum Tubes with a serum 
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separator (Becton Dickinson, Franklin Lakes, NJ, USA) upon completion of the study. 

Tubes were inverted 5 times and allowed to coagulate at room temperature for 2 h. Samples 

were centrifuged at 300g for 3 min and serum transferred to autoclaved tubes. Serum 

cotinine levels were determined using a selective Cotinine ELISA for rat serum (Calbiotech 

Inc, Spring Valley, CA, USA) according to manufacturer’s protocol. Absorbance was 

measured at a wavelength of 450 nm after the addition of the stopping solution to each well. 

Values are reported as the average level of serum cotinine ±standard error of the mean 

(standard error of the mean (SEM), ng/mL).

Behavioral testing using mechanical stimulation

All behavioral assessments were carried out essentially as described in a previously 

published study (Garrett et al., 2012) from our laboratory using the Ugo Basile Durham 

animal holding device (Ugo Basile, Gemonio, Varese, Italy). A series of calibrated von Frey 

filaments were applied in increasing force to the cutaneous area over the eyebrow and 

masseter muscle. Withdrawal reactions observed prior to the bending of the filament were 

verified by two other scientists, who were blinded to the experimental conditions. Each 

filament was applied 5 times over both the right and left eyebrow or masseter area. Right and 

left responses for each area were averaged separately to obtain an average number of 

reactions out of five tests. Baseline measurements were established prior to pump 

implantation and additional measurements were also taken 14 days post-surgery. 

Nocifensive reactions were reported as the combined average number of withdrawals ±SEM. 

Each condition was repeated in six independent experiments.

Immunohistochemistry

Trigeminal ganglia and upper spinal cord tissues used for immunohistochemistry studies 

were placed in 4% paraformaldehyde overnight at 4 °C after which they were cryoprotected 

by placing tissues in 12.5% sucrose for 1 h at 4 °C, and 25% sucrose for 24 h at 4 °C. 

Tissues were mounted using Optimal Cutting Temperature media (OCT, Sakura Finetek Inc, 

Torrance, CA, USA) and serial 14-μm sections from the −5-mm region from the obex which 

encompasses mostly Vc, were prepared at −25 °C and placed on SuperFrost Plus microscope 

slides (Fisher Scientific, Pittsburgh, PA, USA). Sections were blocked and permeabilized by 

incubating tissues with 5% normal donkey serum/0.1% Triton/PBS for 20 min. The 

following primary polyclonal antibodies were used: rabbit anti-Protein Kinase A (PKA,

1:500, Epitomics, Burlingame, CA, USA), rabbit anti-phosphorylated Extracellular Signal-

Regulated Kinase (p-ERK,1:200, Bioworld, St. Louis Park, MN, USA), rabbit anti-

phosphorylated c-Jun N-terminal Kinase (p-JNK, 1:200 in STN or 1:100 in TG; Cell 

Signaling, Beverly, MA, USA), rabbit anti-Glial Fibrillary Acidic Protein (GFAP, 1:000, 

Dako, Carpinteria, CA, USA), and rabbit anti-Ionized Calcium-binding Adapter Molecule 1 

(Iba1, 1:1000, Wako, Richmond, VA, USA). Working dilutions of antibodies directed 

against PKA, p-JNK, GFAP, and Iba1 were made in 5% normal donkey serum/PBS, while p-

ERK antibodies were diluted in 1× PBS. Sections were incubated with primary antibodies 

either overnight at 4 °C (p-ERK, p-JNK), 3 h at room temperature (PKA, Iba1), or 30 min at 

room temperature (GFAP). Immunoreactivity was detected by incubating sections with 

fluorescently labeled anti-rabbit secondary antibodies (AlexaFlour 488, 1:200, Invitrogen, 

Grand Island, NY, USA) diluted in 1× PBS at room temperature for 1 h. Slides were 
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mounted with Vectashield Mounting Media for Fluorescence with DAPI (Vector 

Laboratories, Burlingame, CA, USA) and covered with Fisherbrand glass coverslips (Fisher 

Scientific). A Ziess Z1 imager (Carl Ziess Microscopy, LLC, Thornwood, NY, USA) with 

apatome was used to acquire 10× images of the V1/V2 area of the trigeminal ganglion and 

medullary horn of the spinal trigeminal nucleus. Axiovision software (Carl Ziess) was 

utilized to evenly balance the background of each image prior to analysis, which was 

performed essentially as described in previous studies (Cady et al., 2010, 2013). Briefly, 

grayscale 10× JPEG images of the entire medullary horn (spinal trigeminal nucleus) or 

V1/V2 area (trigeminal ganglion) with similar number of cells as identified by DAPI were 

opened in ImageJ software (NIH). For spinal cord tissues, integrated densities were acquired 

in three independent experiments by measuring pixel densities in 10 non-overlapping, 

circular regions of interest (ROI) in areas along the entire medullary horn encompassing 

laminas I–III totaling 30 integrated intensity measurements for each experimental condition. 

A similar approach was used to measure integrated densities in bands of neuronal cell bodies 

and satellite glial cells in the V1/V2 regions of trigeminal ganglia. To normalize intensity 

measurements within each image, background intensity values were obtained from five non-

overlapping regions in either the acellular area of the outer lamina or areas containing only 

Schwann cells and neural fibers in the ganglion, as determined by DAPI, and average values 

subtracted from ROI staining intensity values. Relative average means were determined for 

each condition and data reported as the average fold change±SEM relative to the average 

mean level for control animals that was set equal to one.

Cytokine protein array analysis

Trigeminal ganglia and upper spinal cord tissues (from zero to −5 mm from the obex) were 

used for protein array analysis after being immediately snap frozen in liquid nitrogen. 

Tissues were placed in 500 μl of 1× RayBio Cell Lysis Buffer (RayBiotech, Inc., Norcross, 

GA, USA) and sonicated using a Sonic Dismembrator Model 100 (Fisher Scientific). Whole 

tissue lysate samples were spun at 3200 rpm at 4 °C for 20 min. The resultant supernatant 

was collected and cytokine analysis was performed using the R&D System Proteome 

Profiler Rat Cytokine Array Kit (R&D Systems, ARY008, Minneapolis, MN, USA). 

Microarray profiling was conducted according to manufacturer’s protocol without deviation. 

The total amount of protein in each sample was determined by the Bradford Assay (BioRad, 

Hercules, CA, USA). A total of six trigeminal ganglia samples and six upper spinal cord 

tissue samples (n=3 for each condition) containing 200 μg of sample protein, as determined 

by the Bradford Assay, were used to determine the level of expression of 29 different 

cytokines. Detection was accomplished by placing 500 μl of diluted (40:1) Pierce ECL Plus 

detection system (Thermo Scientific, Southfield, MI, USA) on each array for 5 min. The 

arrays were placed in contact with X-ray film for several different lengths of time (30 s, 1, 4, 

and 5 min) to optimize exposure times. Immunoreactive spots were visualized using Kodak 

Developing and Fixing solutions (Eastman Kodak Company, Rochester, NY, USA). 

Integrated density measurements were acquired from scanned grayscale JPEG images of the 

films using Image J software with rolling ball background subtraction (NIH) and dot blot 

analysis plugins. Integrated density values were normalized to levels of positive control 

protein spots. The relative levels of each cytokine were determined in duplicate and were 

based on analysis of samples obtained from three independent experiments, totaling six 
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integrated intensity measurements for each experimental condition for each cytokine 

arrayed. Integrated densities for control animals were averaged and were used to calculate 

the individual fold change from control for each RIO measurement for each cytokine 

arrayed. Relative average means were determined for each condition and data reported as the 

average fold change±SEM relative to the average mean level for control animals that was set 

equal to one.

Statistical analysis

Sample sizes for analysis were based on our previously published studies using these 

methods (Garrett et al., 2012; Vause and Durham, 2012; Cady et al., 2013). Nocifensive 

responses were assessed using the independent t-test, while statistical analysis for 

immunohistochemistry was performed using a one-way ANOVA. Cytokine array data were 

analyzed using a non-parametric Mann–Whitney U test because these data acquired did not 

exhibit equal variance and therefore the data were not considered as a normal distribution as 

determined by a Levene’s test. All statistical analysis was conducted in SPSS software 

(release 16; Chicago, IL, USA). Differences were considered significant at P ≤ 0.05.

RESULTS

Measurement of cotinine serum levels

Levels of serum cotinine, which is the primary metabolite of nicotine, was determined for 

each animal receiving a two-week administration of 32-mg/kg/day nicotine hydrogen tartrate 

via the Alzet pump. Only animals with cotinine levels within the reported range in active 

heavy smokers (>20 cigarettes/day) were used in this study (Hukkanen et al., 2005). The 

mean cotinine levels in the animals used in our molecular study were 798.5±93.6 ng/mL 

(n=3), while the mean levels for those used in the behavior studies were 1068.8±96.4 ng/mL 

(n=6).

Nicotine increased nociceptive responses to mechanical stimulation of trigeminal neurons

To examine the effect of prolonged nicotine administration on mechanical stimulation of 

trigeminal neurons, nocifensive responses were measured in the cutaneous regions over the 

eyebrow and masseter muscle. Animals administered nicotine for 14 days showed an 

increased nocifensive response to 60 g of force in the eyebrow region (Fig. 1A; 3.25±0.42, 

P=0.01, n=6) when compared to PBS control animal levels (0.58±0.33) or baseline levels 

(0.50±0.24). Similarly, nicotine administration for 14 days resulted in a significant increase 

in nocifensive responses to 100 grams of force in the masseter region (Fig. 1B; 4.92±0.09, 

P=0.01, n=6) when compared to PBS control levels (0.58±0.22) or baseline levels 

(0.08±0.09). No significant differences in the average number of nocifensive withdrawal 

responses were observed in the PBS control group in either the eyebrow or masseter regions 

when compared to their baseline values.

Expression of PKA and MAP kinases p-ERK and p-JNK was increased in response to 
prolonged nicotine administration

To determine the effects of prolonged nicotine on expression of p-ERK, p-JNK, and PKA in 

the medullary horn of the upper spinal cord (Fig. 2A), tissue sections containing the spinal 
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trigeminal nucleus were obtained from treated animals, and immunostaining intensities were 

compared to those found in control animals. Levels of p-ERK expression in the outer lamina 

were found to be significantly increased (1.40±0.05, P=0.001, n=3, df=1) from levels 

observed in control animals (1.00±0.04, n=3) in response to nicotine administration for 14 

days (Fig. 2B, B′). An even greater stimulatory effect of nicotine was observed on 

expression of p-JNK in the medullary horn (4.26±0.29, P=0.001, n=3, df=1) when compared 

to the relative intensity in control tissues (1.00±0.25, n=3, Fig. 3A, A′). The level of PKA in 

the medullary horn was also significantly increased (1.65±0.03, P=0.001, n=3, df=1) over 

staining intensity levels in control animals (1.00±0.04, n=3, Figs. 4B, 3B′).

Prolonged nicotine administration promotes activation of astrocytes and microglia

Glial activation in the medullary horn of the upper spinal cord in response to prolonged 

nicotine administration was determined by measuring changes in the intensity of staining for 

the proteins GFAP and Iba1. GFAP expression was found to be significantly increased 

(1.52±0.08, P=0.001, n=3, df=1) above levels detected in control tissues (1.00±0.06, n=3, 

Fig. 4A, A′). Similarly, immunoreactivity levels of Iba1 were found to be significantly 

upregulated (1.37±0.03, P=0.001, n=3, df=1) when compared to levels observed in control 

tissues (1.00±0.07, n=3, Fig. 4B, B′).

Nicotine significantly increased several cytokines in upper spinal cord tissue

To investigate the effects of prolonged nicotine administration on cytokine levels in the 

upper spinal cord tissue containing the spinal trigeminal nucleus, profiles were acquired 

through microarray analysis of protein lysates obtained from nicotine-treated and control 

animals. Of the 29 different cytokines examined, 11 cytokines were found to be significantly 

increased in samples obtained from animals receiving systemic administration of 32-

mg/kg/day nicotine hydrogen tartrate for 14 days when compared to control levels (Table 1, 

n=3 for all conditions). Interestingly, the expression of TNF-α(5.07±0.62, P=0.002), 

MIP-1α(2.54±0.50, P=0.015), and IP-10 (2.25±0.20, P=0.002) was increased two fold over 

immunoreactive levels reported in control samples. Similarly, the intensity levels of L-

Selectin (1.87±0.14, P=0.009), IL-6 (1.85±0.14, P=0.002), VEGF (1.79±0.21, P=0.015), 

MIG (1.77±0.12, P=0.002), LIX (1.73±0.24, P=0.002), IL-4 (1.69±0.07, P=0.026), IL-17 

(1.66±0.11, P=0.0109), and IL-2 (1.40±0.08, P=0.002) were significantly elevated over 

control levels observed in control samples. Cytokine levels and P values of the remaining 18 

cytokines whose levels were not statistically different from control values are reported in 

Table 2.

Nicotine increases PKA and MAP kinases p-ERK and p-JNK expression in trigeminal 
ganglion neurons

Changes in the expression of PKA and the phosphorylated active forms of the MAPKs p-

ERK and p-JNK in response to a 14-day systemic nicotine administration were investigated 

using immunohistochemistry to detect changes in staining intensity as a measure of protein 

expression. As seen in Fig. 5A, prolonged nicotine administration significantly increased 

cytosolic PKA expression in the cell body of neurons in the V1/V2 region of the trigeminal 

ganglion (1.87±0.19, P=0.001, n=3, df=1) when compared to controls (1.00±0.05, n=3). 

Expression of p-ERK was significantly increased in the nucleus of neurons in animals 

HAWKINS et al. Page 7

Neuroscience. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treated with systemic nicotine for 14 days (1.70±0.05, P=0.001, n=3, df = 1, Fig. 6A, A′) 

when compared to control tissues (1.00±0.04, n=3). Additionally, expression of p-JNK was 

significantly increased in the cytosol of neuronal cell bodies in the V1/V2 region of the 

trigeminal ganglion (1.89±0.16, P=0.001, n=3, df = 1 Fig. 6B, B′) as compared to levels 

observed in control tissues (1.00±0.09, n=3). In contrast, elevated levels of PKA, p-ERK, or 

p-JNK immunoreactivity were not observed in satellite glial cells or Schwann cells within 

the trigeminal ganglion in response to systemic nicotine.

Minimal changes in trigeminal ganglion cytokine levels in response to nicotine

To investigate the regulatory effects of prolonged nicotine administration on peripheral 

cytokine expression, protein lysates from trigeminal ganglia obtained from treated and 

control animals were used to determine changes in the levels of 29 cytokines by microarray 

analysis. Interestingly, prolonged nicotine administration had a significant effect on the 

immunoreactive level of only two of the 29 cytokines when compared to control levels. 

IP-10 was found to be significantly increased by 1.40±0.11-fold (P=0.015, n=3) over control 

levels (Table 3). In contrast, GM-CSF was found to be significantly decreased (0.58±0.03, 

P=0.009, n=3) when compared to control samples. The expression levels of the other 27 

cytokines were not statistically different from control levels (Table 4).

DISCUSSION

In this study, we found that prolonged nicotine administration increased nociception of V1 

and V3 trigeminal neurons to mechanical stimulation. To our knowledge, this is the first 

evidence that nicotine can promote sustained sensitization of trigeminal neurons. In addition, 

results from our study demonstrate that systemic nicotine results in elevated level of 

expression of several signal transduction proteins and cytokines in the spinal trigeminal 

nucleus and trigeminal ganglion known to promote the development and maintenance of 

central and peripheral sensitization. Systemic nicotine for 14 days resulted in cellular 

changes in both primary and secondary nociceptive neurons, and glial cells associated with 

the peripheral and central nervous systems. Rationale for this study was based on reports 

that nicotinic receptors are present on sensory neurons and second-order nociceptive 

neurons, and that nicotine is known to promote neuronal excitability (Liu and Simon, 1996; 

Delbono et al., 1997; Liu et al., 1998; Michel et al., 2011). The amount of nicotine 

administered in our study as monitored by serum levels of cotinine, the metabolic product of 

nicotine, was in the range associated with nicotine dependence (Pentel et al., 2006; Cippitelli 

et al., 2011). Our finding that systemic nicotine can stimulate expression of proteins 

associated with neuronal excitability is in agreement with the reported stimulatory effect of 

nicotine on sensory neurons (Liu and Simon, 1996; Delbono et al., 1997; De Simone et al., 

2005; Josiah and Vincler, 2006). Migraineurs are thought to have a hypersensitive nervous 

system to sensory stimuli including light intensity and patterns, loud or irregular sounds, 

pungent smells, and foods that can trigger a painful migraine (Dodick and Silberstein, 2006; 

Pietrobon and Moskowitz, 2013). Based on our findings, we propose that heavy nicotine use, 

which promotes sensitization of trigeminal neurons, should be considered a potential risk 

factor for migraine by lowering the activation threshold to other stimuli.
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MAP kinases are a family of signal transduction enzymes that mediate cellular activities in 

response to inflammatory stimuli implicated in central sensitization and the development 

and maintenance of nociception (Ji et al., 2009). Toward this end, we found that systemic 

nicotine stimulation of trigeminal neurons resulted in an increase in expression of the active, 

phosphorylated forms of ERK and JNK in the spinal trigeminal nucleus. Increased 

expression of p-ERK and p-JNK can mediate sensitization of second-order nociceptive 

neurons by increasing neuronal ion channel expression and activity, and expression of 

membrane receptors associated with nociception (Ji, 2004; Ji et al., 2009). In addition, p-

ERK and p-JNK are known to stimulate the synthesis and secretion of cytokines from glial 

cells that facilitate a prolonged hyperexcitable state of neurons (Ji, 2004; Ji et al., 2009). In 

support of the important role of these signaling proteins in nociception, inhibitors of ERK 

and JNK are documented to alleviate hyperalgesia and allodynia in inflammatory and 

neuropathic pain models (Kaminska et al., 2009; Alter et al., 2010). Since these inhibitors 

only exhibit a minimal inhibitory effect on basal physiological pain perception, it has been 

suggested that these signaling proteins play a central role in the development of pain 

hypersensitivity characteristic of abnormal or pathological pain following tissue and nerve 

injury (Cheng and Ji, 2008; Ji et al., 2009).

In addition to MAP kinases, we observed significantly elevated levels of the signaling 

protein PKA in the spinal trigeminal nucleus in response to 14 days of systemic nicotine. 

Increased levels of PKA in the spinal cord are involved in the development of central 

sensitization by increasing the activity of glutamate receptors expressed on second-order 

neurons that facilitate pain transmission (Hucho and Levine, 2007; Latremoliere and Woolf, 

2009). The stimulatory effects of calcitonin gene-related peptide (CGRP), a protein 

implicated in migraine pathology and known to promote central sensitization (Pietrobon and 

Moskowitz, 2013), on spinal cord neurons and glial cells are likely mediated in part via 

activation of PKA (Seybold, 2009). Binding of CGRP to its receptor couples to increase 

levels of the second messenger cyclic adenosine monophosphate (cAMP), which is a 

substrate known to stimulate PKA activity. Thus, increased activity of PKA in response to 

systemic nicotine can facilitate cellular changes in nociceptive neurons and glial cells as 

reported for CGRP. This notion is not too surprising since the stimulatory effects of CGRP 

on cAMP response element (CRE)-dependent gene expression are mediated primarily via 

activation of the PKA signaling pathway (Anderson and Seybold, 2004; Sun et al., 2004). 

Activation of intracellular signaling pathways involving PKA is reported to promote the 

induction and maintenance of central sensitization and persistent pain by phosphorylation of 

ion channels, and increasing the expression of pro-inflammatory and pro-nociceptive 

cytokine genes that contain CRE regulatory sites within their promoters (Kawasaki et al., 

2004). PKA activity also leads to increased phosphorylation and hence activation of ERK in 

nociceptive neurons (Kohno et al., 2008). Furthermore, blocking PKA signaling results in 

reduction of inflammation-induced hyperalgesic behaviors (Malmberg et al., 1997; Aley and 

Levine, 1999). Taken together, nicotine-mediated increases in PKA levels in the spinal 

trigeminal nucleus are likely to facilitate neuron-glia communication and stimulate the 

synthesis and release of pro-inflammatory cytokines from glial cells within the spinal cord to 

promote central sensitization.
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Activation of the glial cells, including astrocytes and microglia, within the spinal cord is 

known to contribute to prolonged sensitization of nociceptive neurons and development of 

chronic pain states (Gosselin et al., 2010). Toward this end, we observed increased levels of 

immunoreactivity of GFAP and Iba1 in spinal cord sections of nicotine-administered 

animals, indicating the activation of astrocytes and microglia, respectively. Our observed 

changes in glial cells are in agreement with prior studies, since systemic nicotine, which 

readily crosses the blood–brain barrier, is known to bind and activate nAch receptors 

expressed on astrocytes and microglia of the brain and spinal cord (Gahring et al., 2004; De 

Simone et al., 2005; Lockman et al., 2005). It is now generally accepted that hyperactivation 

of spinal glia, in particular astrocytes and microglia, contribute to the development and 

maintenance of inflammatory pain. These cells are thought to promote and sustain 

inflammatory pain by the release of cytokines that act directly to sensitize nociceptors and 

increase neuronal sensitivity to chemical, thermal, and mechanical stimuli by increasing the 

expression of receptors and ion channels involved in pain and analgesia (Ren and Torres, 

2009; Uceyler et al., 2009). Based on our data, we propose that systemic nicotine functions 

to facilitate neuron–glia interactions and cytokine release and therefore stimulates key 

cellular events known to promote and maintain central sensitization.

Activation of the MAP kinase and PKA signaling pathways can promote synthesis and 

secretion of cytokines from activated glia cells (Miller et al., 2009). In this study, we 

observed a significant increase in several cytokine members including IP-10, LIX, L-

Selectin, MIG, MIP-1α, TNF-α, and VEGF in spinal cord samples taken from animals 

exposed to prolonged high levels of nicotine. Cytokines are soluble proteins released from 

activated glial cells that directly sensitize nociceptors and increase neuronal sensitivity by 

increasing the expression of receptors and ion channels involved in pain and analgesia 

(Uceyler et al., 2009). The observed increased expression level of several cytokines would 

further suggest that prolonged nicotine administration leads to sensitization of the central 

nervous system by increasing neuron–glial cell interactions in the spinal cord. While we 

observed increased expression of cytokines in the trigeminal ganglia and upper spinal cord 

tissues, nicotine caused a more robust response in the spinal cord than seen in the ganglia, 

which provides further evidence of the ability of systemic nicotine to promote sensitization 

of second-order nociceptive neurons.

Nicotine caused the greatest increase in the expression of the pro-inflammatory cytokine 

TNF-α (Leung and Cahill, 2010). Elevated levels of TNF-α are associated with central 

sensitization and prolonged pain states (Kawasaki et al., 2008; Miller et al., 2009) and 

elevated cytokine levels have been reported in serum and cerebrospinal fluid in migraine 

patients (Rozen and Swidan, 2007; Uzar et al., 2011). TNF-α activation of its receptor leads 

to increased neuronal hyperexcitability and pain via stimulation of MAP kinase pathways 

(Kant et al., 2011). TNF-α promotes activation of p38 and JNK, but is reported to only 

cause minimal activation of ERK. In the central nervous system, activation of p38 in 

microglia due to TNF-α can lead to the microglia secreting the proinflammatory cytokines 

IL-1 and IL-6 as well as ATP (Leung and Cahill, 2010). Additionally, TNF-α stimulates its 

own production in astrocytes via the CXCR4 receptor. This self-regulation leads to 

production of IL-1, IL-6, ATP and nitric oxide, which are factors that contribute to enhanced 

neuronal activity and thus pathological pain. Taken together, elevated levels of TNF-α in the 
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spinal trigeminal nucleus would facilitate sensitization of second-order neurons and promote 

an enhanced pain state.

In addition to changes in the spinal trigeminal nucleus, we found that prolonged 

administration to nicotine could mediate changes in neuronal expression of p-ERK, p-JNK, 

and PKA, which are signaling proteins implicated in peripheral sensitization in the 

trigeminal ganglion. Increased levels of p-ERK are associated with a sensitized state of 

primary nociceptive neurons by upregulating ion channel expression and activity of 

membrane receptor expression (Ji et al., 2009), while elevated levels of JNK are associated 

with pain hypersensitivity (Doya et al., 2005). Further evidence of the importance of MAP 

kinases in the induction of peripheral sensitization and persistent pain is provided by results 

from studies in which blocking MAP kinase activity with specific inhibitors was reported to 

suppress nociceptive responses and sensitization (Milligan et al., 2003; Tsuda et al., 2004; Ji 

et al., 2009). We also observed increased levels of PKA within trigeminal ganglia in 

response to systemic nicotine. Elevated levels of PKA in the ganglion would promote 

increased expression of cytokines and other inflammatory molecules that are likely to help 

sustain a hyperexcitable state. Toward this end, we found that nicotine stimulates expression 

of the chemokine IP-10, also referred to as CXCL10, in the ganglion. IP-10 is expressed at 

sites of inflammation where it functions to regulate immune responses via the activation and 

recruitment of leukocytes (Lee et al., 2009). Interestingly, we found that activation of 

trigeminal nociceptors increased the expression of Iba1, a protein used as a biomarker of 

activated macrophage cells (Nakamura et al., 2013), within the functional units of the 

trigeminal ganglion (Cady et al., 2014). Our results provide evidence that nicotine promotes 

changes in neurons within the trigeminal ganglia that are consistent with development and 

maintenance of peripheral sensitization of primary nociceptors.

In summary, we found that sustained elevated systemic nicotine levels similar to those 

reported in heavy smokers increased sensitivity of trigeminal nociceptive neurons to 

mechanical stimulation and mediated cellular changes in the trigeminal ganglion and spinal 

trigeminal nucleus that are implicated in peripheral and central sensitization. Furthermore, 

our findings provide evidence to support the notion that smoking (nicotine dependency) 

should be considered a risk factor for migraine (Le et al., 2011; Schramm et al., 2013) by 

promoting a hyperexcitable state of trigeminal nociceptive neurons.

Acknowledgments

This study was funded by a grant from the National Headache Foundation.

Abbreviations

cAMP cyclic adenosine monophosphate

CGRP calcitonin gene-related peptide
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Iba1 ionized calcium-binding adapter molecule 1

MAPKs mitogen-activated protein kinases

nAch nicotinic acetylcholine

PBS phosphate-buffered saline

p-ERK phosphorylated-extracellular signal-regulated kinase

p-JNK phosphorylated-c-Jun N-terminal kinase

PKA protein kinase A

ROI regions of interest

SEM standard error of the mean
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Fig. 1. 
Nicotine increased nociceptive responses to mechanical stimulation of trigeminal neurons. 

Nicotine or PBS was delivered via an implanted osmotic for 14 days. (A) Bar graph 

depicting average nocifensive responses to 60 grams of force in the eyebrow region in both 

the PBS control and nicotine groups prior to implantation and 14 days later (n=6). (B) Bar 

graph depicting average nocifensive responses to 60 grams of force in the eyebrow region in 

both the PBS control and nicotine groups prior to implantation and 14 days post-surgery 

(n=6). *P ≤ 0.05 when compared to basal values, #P ≤ 0.01 when compared to control 

values.
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Fig. 2. 
Nicotine administration resulted in an increased p-ERK expression in the upper spinal cord 

tissue containing the spinal trigeminal nucleus. (A) Representative image of the upper spinal 

cord tissue stained with the nuclear dye DAPI. (B) Images acquired at 100× magnification 

representing spinal cord sections taken from vehicle control (PBS) and nicotine (N)-treated 

animals immunostained for p-ERK. (B′) Enlarged image of medullary horn delineated in 

panel B. The change in p-ERK staining intensities is reported as the average fold change

±SEM as compared to mean levels in control samples that was set equal to 1 (n=3). #P ≤ 

0.01 when compared to control values.
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Fig. 3. 
Increased p-JNK and PKA expression in the medullary horn in response to prolonged 

nicotine administration. Representative image of upper spinal cord tissue from control (PBS) 

and nicotine (N)-treated animals stained with antibodies directed against p-JNK (A) or PKA 

(B). Enlarged images of medullary horn from either panel A (A′) or panel B (B′) are shown. 

The change in p-JNK or PKA staining intensities are reported as the average fold change

±SEM as compared to mean levels in control samples that was set equal to 1 (n=3). #P ≤ 

0.01 when compared to control values.
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Fig. 4. 
Nicotine promotes elevated immunoreactive levels of GFAP and Iba1 in the upper spinal 

cord. Representative images of tissue sections taken from control (PBS) and nicotine (N)-

treated animals immunostained for proteins associated with astrocyte (GFAP, A) or 

microglial (Iba1, B) activation. Enlarged images of medullary horn from either panel A (A′) 

or panel B (B′) are shown. The change in GFAP or Iba1 staining intensities are reported as 

the average fold change±SEM as compared to mean levels in control samples that was set 

equal to 1 (n=3). #P ≤ 0.01 when compared to control values.
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Fig. 5. 
Nicotine administration increased expression of PKA in trigeminal ganglion neurons. (A) 

Representative images of sections from the V1/V2 region of trigeminal ganglia obtained 

from control (PBS) and nicotine (N)-treated animals immunostained using antibodies 

directed against PKA. Enlarged images of the ganglion that contained numerous neuronal 

cell bodies and associated satellite glial cells from panel A are shown (A′). The change in 

PKA staining intensities are reported as the average fold change±SEM as compared to mean 

levels in control samples that was set equal to 1 (n=3). #P ≤ 0.01 when compared to control 

values.
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Fig. 6. 
Nicotine administration increased expression of p-ERK and p-JNK in trigeminal ganglion 

neurons. (A) Representative images of sections from the V1/V2 region of trigeminal ganglia 

obtained from control (PBS) and nicotine (N)-treated animals immunostained using 

antibodies directed against p-ERK (A) or p-JNK (B). Enlarged images of the ganglion that 

contained numerous neuronal cell bodies and associated satellite glial cells from either panel 

A (A′) or panel B (B′) are shown. The change in p-ERK or p-JNK staining intensities are 

reported as the average fold change±SEM as compared to mean levels in control samples 

that was set equal to 1 (n=3). #P ≤ 0.01 when compared to control values.
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Table 1

Cytokines in the upper spinal cord significantly stimulated compared to control levels by systemic nicotine

Cytokine Fold change ± SEM P

IL-2 1.40 ± 0.08 0.002

IL-4 1.69 ± 0.07 0.026

IL-6 1.85 ± 0.14 0.002

IL-17 1.66 ± 0.11 0.009

IP-10 2.25 ± 0.20 0.002

LIX 1.73 ± 0.24 0.002

L-Selectin 1.87 ± 0.14 0.009

MIG 1.77 ± 0.12 0.002

MIP-1α 2.54 ± 0.50 0.015

TNF-α 5.07 ± 0.62 0.002

VEGF 1.79 ± 0.21 0.015

IL-2=interleukin 2, IL-4=interleukin 4, IL-6=interleukin 6, IL-17=interleukin 17, IP-10=interferon gamma-induced protein 10, 
LIX=lipopolysaccharide-induced CXC chemokine, MIG=monokine-induced by gamma interferon, MIP-1α=macrophage-induced protein 1 alpha, 
TNF-α=tumor necrosis factor alpha, and VEGF=vascular endothelial growth factor.
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Table 2

Cytokines in the upper spinal cord not significantly increased compared to control levels in response to 

systemic nicotine

Cytokine Fold change ± SEM P

CINC-1 0.94 ± 0.17 0.818

CINC-2α 1.56 ± 0.30 0.310

CINC-3 1.42 ± 0.15 0.240

CNTF 0.90 ± 0.23 0.589

Fractalkine 1.10 ± 0.11 0.485

GM-CSF 1.56 ± 0.15 0.065

sICAM-1 1.27 ± 0.07 0.394

IFN-γ 1.30 ± 0.13 0.180

IL-1α 1.31 ± 0.13 0.240

IL-1β 1.24 ± 0.17 0.394

IL-1rα 1.34 ± 0.18 0.132

IL-3 1.52 ± 0.23 0.132

IL-10 1.41 ± 0.30 0.310

IL-13 1.32 ± 0.08 0.132

RANTES 1.21 ± 0.07 0.065

Thymus chemokine 0.97 ± 0.02 0.240

TIMP-1 1.92 ± 0.44 0.180

CINC-1=cytokine-induced neutrophil chemoattractant 1, CINC-2α=cytokine-induced neutrophil chemoattractant 2 alpha, CINC3=cytokine-
induced neutrophil chemoattractant 3, CNTF=ciliary neurotrophic factor, Fractalkine, GM-CSF= granulocyte macrophage-colony stimulating 
factor, sICAM-1=intercellular Adhesion Molecule 1, IFN-γ=interferon gamma, IL-1α=interleukin 1 alpha, IL-1β=interleukin 1 beta, 
IL-1rα=interleukin 1 receptor antagonist, IL-3= interleukin 3, IL-10=interleukin 10, IL-13=interleukin 13, RANTS=regulated on activation, normal 
T cell expressed and secreted, TIMP-1=tissue inhibitor of metalloproteinase 1.
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Table 3

Cytokines in the trigeminal ganglion significantly changed compared to control levels in response to systemic 

nicotine

Cytokine Fold change ± SEM P

GM-CSF 0.58 ± 0.03 0.009

IP-10 1.40 ± 0.11 0.015
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Table 4

Cytokines in the trigeminal ganglion not significantly changed compared to control levels in response to 

systemic nicotine

Cytokine Fold change ± SEM P

Cinc-1 0.78 ± 0.19 0.394

Cinc-2α 0.92 ± 0.19 0.937

Cinc-3 0.72 ± 0.15 0.485

CNTF 1.11 ± 0.10 0.699

Fractalkine 0.85 ± 0.10 0.310

sICAM-1 0.57 ± 0.07 0.394

IFN-γ 1.00 ± 0.16 1.000

IL-1α 0.75 ± 0.20 0.180

IL-1β 1.02 ± 0.13 0.818

IL-1rα 1.08 ± 0.09 0.310

IL-2 0.89 ± 0.11 0.485

IL-3 0.89 ± 0.06 0.132

IL-4 0.75 ± 0.06 0.180

IL-6 1.01 ± 0.07 1.000

IL-10 1.12 ± 0.24 0.937

IL-13 1.00 ± 0.20 0.937

IL-17 0.93 ± 0.09 0.394

LIX 1.40 ± 0.11 0.093

L-Selectin 1.33 ± 0.10 0.310

MIG 1.00 ± 0.06 0.589

MIP-1α 1.11 ± 0.10 0.310

MIP-3α 1.29 ± 0.45 0.394

RANTES 1.03 ± 0.02 0.589

Thymus chemokine 1.08 ± 0.08 0.699

TIMP-1 0.99 ± 0.79 0.937

TNF-α 1.60 ± 0.37 0.132

VEGF 1.26 ± 0.16 0.180
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