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Abstract

Dry eye (DE) disease is commonly associated with ocular surface inflammation, an unstable tear 

film and symptoms of irritation. However, little is known about the role of central neural 

mechanisms in DE. This study used a model for persistent aqueous tear deficiency, exorbital gland 

removal, to assess the effects of mustard oil, a TRPA1 agonist, on eyeblink and eyewipe behavior 

and Fos-like immunoreactivity (Fos-LI) in the trigeminal brainstem of male rats. Spontaneous tear 

secretion was reduced by about 50% and spontaneous eyeblinks were increased more than 100% 

in DE rats compared to sham rats. Mustard oil (0.02–0.2%) caused dose-related increases in 

eyeblink and forelimb eyewipe behavior in DE and sham rats. Exorbital gland removal alone was 

sufficient to increase Fos-LI at the ventrolateral pole of trigeminal interpolaris/caudalis (Vi/Vc) 

transition region, but not at more caudal regions of the trigeminal brainstem. Under barbiturate 

anesthesia ocular surface application of mustard oil (2–20%) produced Fos-LI in the Vi/Vc 

transition, in the mid-portions of Vc and in the trigeminal caudalis/upper cervical spinal cord 

(Vc/C1) region that was significantly greater in DE rats than in sham controls. Mustard oil caused 

an increase in Fos-LI ipsilaterally in superficial laminae at the mid-Vc and Vc/C1 regions in a 

dose-dependent manner. Smaller, but significant, increases in Fos-LI also were seen in the 

contralateral Vc/C1 region in DE rats. TRPA1 protein levels in trigeminal ganglia from DE rats 

ipsilateral and contralateral to gland removal were similar.

Persistent tear reduction enhanced the behavioral and trigeminal brainstem neural responses to 

ocular surface stimulation by mustard oil. These results suggested that TRPA1 mechanisms play a 

significant role in the sensitization of ocular-responsive trigeminal brainstem neurons in this 

model for tear deficient DE.
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1. Introduction

Dry eye (DE) is a multifactorial disease characterized by an unstable tear film and 

symptoms of ocular discomfort (DEWS Report Classification 2007). Symptoms of ocular 

dryness, irritation, and itch as well as visual disturbances, have a negative impact on quality 

of life and are the main reasons DE patients seek medical attention (Begley et al. 2002; 

Pflugfelder 2011; Uchino and Schaumberg 2013). Although nearly all forms of DE are 

accompanied by elevated proinflammatory biomarkers in tears and other peripheral signs of 

tear dysfunction (Calonge et al. 2010; Lambiase et al. 2011; Bron et al. 2014; Stern et al. 

2013), treatments directed at reducing ocular inflammation often fail to adequately manage 

symptoms of irritation in moderate to severe DE (Asbell and Spiegel 2010). This suggests 

that factors other than peripheral nerve activity contribute to the symptoms of discomfort in 

DE.

Tear film integrity depends on a reflex circuit termed the lacrimal functional unit (LFU) that 

consists of trigeminal sensory nerves in the eye, integrative mechanisms in the brain, and 

autonomic efferent nerves that drive lacrimal gland secretion (Stern et al. 1998; 2004). 

Although dysfunction of any element within the circuit may result in DE-like conditions, the 

vast majority of studies on LFU activity and DE have focused on peripheral mechanisms 

and far fewer on brain pathways. All tissues of the eye are supplied by sensory branches of 

the trigeminal nerve that terminate centrally in two main regions of the lower trigeminal 

brainstem complex, the trigeminal interpolaris/caudalis (Vi/Vc) transition and the Vc/upper 

cervical cord (Vc/C1) region (Marfurt 1981; Marfurt and del Toro 1987; Marfurt and 

Echtenkamp 1988; Panneton et al. 2010). Previously, we reported that only neurons at the 

Vi/Vc transition responded to changes in moisture status of the ocular surface (Hirata et al. 

2004), whereas only neurons at the Vc/C1 region became sensitized after systemic (Bereiter 

et al. 2005) or ocular surface inflammation (Tashiro et al. 2010). This suggested that neurons 

in each region serve different aspects of ocular function. The present study used exorbital 

gland removal to determine if Transient Receptor Potential Ankyrin (TRPA1) contributes to 

altered behavior and sensitization of trigeminal brainstem neurons during conditions of 

reduced tear secretion. TRPA1 is an excitatory ion channel that is gated by wide variety of 

chemical irritants (Bautista et al. 2006) and is expressed in ~35% of trigeminal ganglion 

neurons (Jordt et al. 2004; Kobayashi et al. 2005; Kim et al. 2010). TRPA1 is reportedly 

upregulated by proinflammatory molecules found in tears of DE patients (Diogenes et al. 

2007; Malsch et al. 2014). TRPA1 contributes to behavioral hypersensitivity in a variety of 

persistent inflammatory pain models (Bautista et al. 2006; Dai et al. 2007; McNamara et al. 

2007; Malin et al. 2011; Lennertz et al. 2012). TRPA1 activation also has been linked to 

chronic itch (Wilson et al. 2013), a common symptom in DE patients (Begley et al. 2002), 

and enhanced tearing and blinking in an animal model of allergic keratoconjunctivitis 

(Acosta et al. 2013).
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2. Experimental procedures

2.1. Animal preparation

The animal protocols were approved by the Institutional Animal Care and Use Committee of 

the University of Minnesota (USA) and conformed to the established guidelines set by The 

National Institutes of Health guide for the care the use of laboratory animals (PHS Law 99–

158, revised 2002). All efforts were made to minimize the number of animals used for these 

experiments and to minimize their suffering. Animals were housed in pairs with free access 

to food and water. Cages remained in climate and light controlled protected units (25 ± 2 °C, 

12:12-h light/dark cycle with light on at 7:00AM) for at least 5 days before experiments.

Male rats (200–320 g, Sprague-Dawley, Harlan, Indianapolis, IN) were anesthetized with 

isoflurane (3.0–5.0 %) and a small incision was made in skin approximately 5 mm in front 

of and inferior to the left tragus to expose and excise the left exorbital gland. Sham rats 

received the same surgical procedure for exposure, but without gland removal. Rats survived 

7 days or 14 days after gland removal, while sham rats survived 14 days after surgery.

2.2. Tear volume measurement

Spontaneous tear volume was measured under pentobarbital sodium (50 mg/kg) anesthesia 

by the increase in wet length of phenol red thread (ZONE-QUICK, Menicon INC., San 

Mateo, CA; Hamano et al., 1983). The thread was placed at the inferior-lateral edge of the 

cornea/conjunctiva interface immediately after removing excess tears with a fine filter 

paper. Spontaneous tear volume was sampled over 2 min in all animals prior to subsequent 

ocular surface stimulation. For comparison, tear volume also was measured in naïve controls 

(n = 6). The data were assessed by analysis of variance (ANOVA) corrected for repeated 

measures. Significant treatment effects were further assessed by Newman-Keuls test after 

ANOVA. The data were presented as mean ± standard error of mean (SEM) and 

significance level set at p<0.05.

2.3. Eyeblink and eyewipe behavior

Rats (n = 5) were placed in a Plexiglas chamber and allowed to habituate for 1h prior to 

testing. Test solutions (0.02% and 0.20% mustard oil (MO), 20μl) were applied to the 

ipsilateral eye by micropipette in ascending order of concentration at 30 min intervals. 

Eyewipe behavior was observed directly and defined as purposeful wiping of the periorbital 

face by the forelimb, adapted from the method of Shimada and LaMotte (2008). Eyeblinks 

included partial and full lid closures. Spontaneous and evoked eyewiping and eyeblinks 

were counted over 5 min prior to exorbital gland removal and on days 7 and 14 after 

exorbital gland removal. In pilot studies eyeblink responses to repeated application 0.2% 

MO did not change when presented at 30 min intervals. Rats used for behavioral testing 

were separate from those used for Fos immunohistochemistry.

2.4.1. Experimental design – Fos immunohistochemistry—On the day of the 

experiment, rats (n = 53) were anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and 

tear volume measured as noted above. Body temperature was maintained at 37°C with a 

heating blanket. Adequate depth of anesthesia was confirmed by loss of the hind limb 
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withdrawal reflex. The effect of ocular instillation of vehicle, 2% MO or 20% MO (allyl 

isothiocyanate, 10 μl, Sigma-Aldrich, St. Louis, MO, dissolved in mineral oil, Bereiter 2001) 

on Fos-like immunoreactivity (Fos-LI) was assessed in sham, 7 day DE (7d DE) and 14 day 

DE (14d DE) rats. Chemicals were applied and remained on the ocular surface throughout 

the 2 h survival period. For sham rats, the number of animals per treatment was: vehicle = 5, 

2% MO = 4 and 20% MO = 5. For 7d DE rats, the number of rats per treatment was: vehicle 

= 5, 2% MO = 5 and 20% MO = 5. For 14d DE rats, the number of rats per treatment was: 

vehicle = 6, 2% MO = 4 and 20% MO = 5. Additional rats served as stimulus controls and 

were anesthetized for 2 h, but received no ocular surface stimulation (sham NS = 3; 7d DE 

NS = 3; 14d DE NS = 3). Fluorescein staining was performed in a small group of rats at 14 

days after gland removal to assess ocular surface epithelial barrier function (n = 3). 

Fluorescein (2%, 10 μl, Sigma, St. Louis, MO) was applied to the ocular surface and after 2 

min flushed with artificial tears. The ocular surface was examined through a halogen light 

source and Wratten yellow 12 filter. Fluorescein staining was negligible in all animals.

2.4.2. Fos Immunohistochemistry—At 2 h after ocular stimulation animals were given 

a bolus injection of pentobarbital sodium (70 mg/kg, i.p.) and perfused through the heart 

with heparinized saline followed by 250 ml cold fixative (4% paraformaldehyde, 0.1 M 

phosphate, pH 7.4). The lower brainstem /upper cervical spinal cord segment was removed 

and post-fixed for 24 h. Transverse sections (40 μm) were cut on a vibratome and collected 

in cold 0.01 M phosphate-buffered saline (PBS). Sections were incubated sequentially in 5% 

normal donkey serum and 0.3% Triton X-100 (60 min), affinity-purified rabbit polyclonal 

anti-Fos antibody (Ab-5, Calbiochem, La Jolla, CA; 1:5000, 40 h at 4 °C), biotinylated 

donkey anti-rabbit antibody (Millipore, Billerica, MA; 1:300, 90 min) and avidin-biotin-

peroxidase complex (Vector, Burlingame, CA; 60 min). Fos-LI was visualized by incubation 

in a nickel-cobalt diaminobenzidine solution activated by 0.01% hydrogen peroxide. After 

rinsing in PBS, sections were mounted on slides, air-dried and coverslipped with mounting 

medium (Thermo Scientific, Waltham, MA). Under bright-field illumination, Fos-positive 

neuronal nuclei appeared as homogenous, gray-black elements with a well-defined border. 

Specific staining was abolished by omission of primary antiserum.

2.4.3. Data analysis—Brainstem sections were categorized according to rostrocaudal 

level at 500 μm intervals from 2 mm rostral to 6.5 mm caudal to the obex. The obex is a 

surface landmark defined by the caudal end of the fourth ventricle approximately 500 μm 

rostral to the most caudal tip of trigeminal subnucleus interpolaris (Yoshida et al., 1991). 

Seventy to 90 sections per animal were counted at 40 × magnification without prior 

knowledge of treatment. To facilitate statistical comparisons across multiple treatments, the 

average number of Fos-LI neurons per section was compared for the following brainstem 

regions (see Fig. 5): Vi/Vc transition (+0.5 to −1.5 mm); middle portion of Vc (mid-Vc, −2 

to −4 mm); and the Vc/C1 region (−4.5 – −6.5 mm). At the mid-Vc and Vc/C1 regions 

separate cells counts were made for superficial (I – II) and deeper laminae (III – V) using 

established cytological landmarks (Molander et al., 1989). Mean cell counts per rat were 

compared by two-way analysis of variance (ANOVA). Individual comparisons were made 

by the Newman-Keuls test after significant main effects by ANOVA. Data were expressed 
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in the text and figures as mean ± standard error of mean (SEM). Significance levels were 

defined at p<0.05.

2.5. Immunoblot for TRPA1 of trigeminal ganglion

Rats were anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and perfused through the 

heart with heparinized saline followed by 250 ml cold fixative (4% paraformaldehyde, 0.1 

M phosphate, pH 7.4). Trigeminal ganglia from 14d DE rats (n = 4), ipsilateral and 

contralateral to exorbital gland removal, were homogenized with ceramic beads in buffer of 

tris-buffered saline, pH 7.4, 1% Triton X-100, 10mM ethylene glycol tetraacetic acid 

(EGTA), 10mM ethylene diamine tetraacetic acid (EDTA), and protease inhibitor cocktail 

(Complete Mini, Roche, Indianapolis, IN). Protein concentrations were determined after 

centrifugation (15,000×G, 20 min, 4°C) by BCA Protein Assay Kit (Pierce, Rockford, IL). 

Protein (40 μg) was separated bySDS-PAGE in 7.5% Tris-HCl gels (Bio-Rad, Berkeley, 

CA) and transferred onto 0.45 μM nitrocellulose membrane (Bio-Rad), blocked for 1 h in 

Odyssey blocking buffer (Li-Cor, Lincoln, NE), and incubated with primary rabbit 

polyclonal anti-TRPA1 antibody (Thermo Scientific; 1:1000) in TBS with Triton X-100 

(TBST) overnight at 4°C. Mouse monoclonal anti-β-tubulin antibody (Millipore, Billerica, 

MA; 1:1000) was simultaneously included for normalization. After TBST wash, the 

following secondary antibodies were used at 1:15,000 dilution: anti-rabbit IgG IRDye 680 

and anti-mouse IgG IRDye 800CW (Li-Cor, 60 min). Protein bands were visualized on a Li-

Cor Odyssey Infrared scanner and quantified with Odyssey 2.1 analysis software.

3. Results

3.1. Spontaneous tear volume

Spontaneous tear volume was reduced significantly (F6,41 = 14.1, p<0.001) in the ipsilateral 

eye of 7d DE (n = 6) and 14d DE rats (n = 5) compared to the contralateral eye of DE rats 

and compared to sham (n = 10) or naïve controls (n = 6) (Fig 1). However, tear volume was 

similar for 7d and 14d DE rats.

3.2. Eyeblink and eyewipe behavior

Spontaneous eyeblink behavior was increased significantly in 14d DE rats compared to 

sham controls (24 ± 4.8 versus 9.1 ± 2.5 blinks per 5 min; F1,6 = 8.5, p < 0.05, n = 4). 

Ocular instillation of 0.2% MO caused a marked increase in eyeblinks compared to 0.02% 

MO in all groups (F1,12 = 44.2, p<0.001) (Fig 2, upper panel). Post hoc analysis revealed a 

further enhancement in eyeblinks to 0.2% MO of 14d DE rats compared to other groups and 

compared to spontaneous blink rates (F2,22 = 4.9, p<0.025). Forelimb eyewipe behavior (Fig 

2, lower panel) was increased after 0.2% MO stimulation in sham and DE groups compared 

to the response to 0.02% MO (F1,12 = 26.4, p<0.001).

3.3. Fos Immunohistochemistry

Persistent tear reduction alone was sufficient to increase Fos-LI at the Vi/Vc transition 

ipsilateral to exorbital gland removal (Fig 3, F17,204 = 9.8, p<0.001) with smaller, and 

insignificant, increases seen contralateral to gland removal in sham, 7d DE and 14d DE rats 

(data not shown). Note that gland removal alone did not cause increases in Fos-LI in more 
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caudal regions of Vc in the absence of ocular surface stimulation, in agreement with earlier 

results after acute drying of the ocular surface (Hirata et al. 2004). As seen in Fig 4 (upper 

panel), vehicle application to the ipsilateral eye produced a single peak of Fos-LI at the 

Vi/Vc transition in 7d and 14d DE rats that was significantly greater than in sham rats (F5,26 

= 11.1, p<0.001). Smaller increases in Fos-LI also occurred at the contralateral Vi/Vc 

transition after vehicle application in 7d and 14d DE groups (data not shown). Following 2% 

MO (Fig 4, middle panel) sham and 7d DE rats displayed a single peak of Fos-LI at the 

ipsilateral Vi/Vc transition, while in 14d DE rats Fos-LI was also significantly increased at 

the Vc/C1 region (F5,20 = 35.2, p<0.001). After 20% MO (Fig 4, lower panel) Fos-LI was 

increased at the ipsilateral Vi/Vc transition and at the Vc/C1 region in sham, 7d DE and 14d 

DE groups (F5,24 = 31.4, p<0.001) with caudal increases predominating.

Representative examples of Fos-LI produced at the level of the Vi/Vc transition, mid-Vc and 

Vc/C1 regions after 20% MO were drawn by camera lucida and mapped onto a series of rat 

brainstem outlines (Fig 5). As seen in Fig 5 (upper panels) Fos-LI was produced mainly at 

the ventrolateral pole of the Vi/Vc transition with scattered cells in the dorsomedial pole of 

Vi/Vc transition and in the dorsal column nuclei. Fos-LI also was produced inconsistently in 

the nucleus tractus solitarius and inferior olive in sham, 7d DE and 14d DE groups (not 

shown). At the level of the mid-Vc (Fig 5, middle panels) Fos-LI was restricted to the 

superficial laminae ipsilateral to the MO stimulus. At the level of the Vc/C1 region (Fig 5, 

lower panels) Fos-LI also was produced mainly in superficial laminae; however, unlike at 

the mid-Vc, Fos-positive neurons also were seen contralateral to the applied MO stimulus. 

Figure 6 presents examples of Fos staining for sham (Figs 6A, B and C; Vi/Vc transition, 

mid-Vc and Vc/C1 region, respectively) and 14d DE rats (Figs 6D, E, and F; Vi/Vc 

transition, mid-Vc and Vc/C1 region, respectively) following instillation of 20% MO into 

the ipsilateral eye.

To more clearly assess Fos-LI responses across animal treatments (sham, 7d DE and 14d 

DE) and ocular stimuli (vehicle, 2% MO and 20% MO), the data were analyzed separately 

for the Vi/Vc/transition, mid-Vc and Vc/C1 regions, regions identified from the rostrocaudal 

distributions in Figs 4 and Fig 5 and based on our previous studies indicating a close 

association of these brainstem regions with ocular sensory processing (Meng et al. 1997; 

Hirata et al. 2004). At the Vi/Vc transition (Fig 7, upper panel) 2% and 20% MO produced a 

significant increase in Fos-LI ipsilateral to the stimulus in sham, 7d DE and 14d DE rats 

compared to the contralateral side (F1,35 = 244, p<0.001, contralateral data not shown). 

Further analysis revealed no significant group differences for Fos-LI produced at the 

contralateral Vi/Vc transition regardless of the applied stimulus (data not shown). Individual 

comparisons revealed that the Fos-LI responses to vehicle and 2% MO in 7d DE and 14d 

DE rats were greater than the response in sham rats (F8,35 = 9.7, p<0.001). However, the 

Fos-LI responses at the Vi/Vc transition in 7d DE and 14d DE rats were similar regardless 

of the applied stimulus. At the mid-Vc region (Fig 7, middle panel) highly significant (F8,35 

= 20.5, p<0.001) treatment main effects were seen as Fos-LI increased in a dose-related 

manner in 14d DE rats and was greater than sham controls after 2% (p<0.01) and 20% MO 

(p<0.001). The Fos-LI response at mid-Vc in 7d DE rats was significantly different from 

sham rats only after 20% MO stimulation (p<0.001). Note that Fos-LI did not increase 

significantly at the mid-Vc in sham rats after 2% or 20% MO (see examples in Figs 6B and 
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6F). At the Vc/C1 region (Fig 7, lower panel) highly significant (F8,35 = 39.4, p<0.001) 

treatment main effects were seen and were similar to those seen at mid-Vc. That is, Fos-LI 

displayed a MO dose-related increase, whereas sham and 7d DE rats displayed significant 

increases only after 20% MO. Fos-LI also was produced at the Vc/C1 region contralateral to 

20% MO in 14d DE rats and was significantly greater in 7d DE and 14d DE rats compared 

to sham rats (F8,63 = 10.2, p<0.001, data not shown). Fos-LI produced in deep laminae at the 

mid-Vc and Vc/C1 regions of 7d DE and 14d DE rats revealed numerical, but non-

significant, increases after 20% MO (data not shown).

3.4. TRPA1 protein levels in trigeminal ganglion

TRPA1 protein levels from trigeminal ganglia (n = 4) of 14d DE rats, ipsilateral and 

contralateral to exorbital gland removal, were similar and averaged 1.94 ± 0.2 and 2.3 ± 0.6 

relative intensity units, respectively. These results suggested that TRPA1 protein levels of 

peripheral sensory neurons were not altered in this model for aqueous tear deficient DE.

4. Discussion

These results indicated that persistent tear reduction enhanced the behavioral and trigeminal 

brainstem responses to TRPA1 receptor activation. Exorbital gland removal alone was 

sufficient to increase Fos-LI at the Vi/Vc transition region, whereas Fos-LI produced after 

ocular instillation of MO was significantly greater at the Vi/Vc transition, mid-Vc and 

Vc/C1 regions in 7d DE and 14d DE rats compared to sham controls. Significant increases 

in Fos-LI at the mid-Vc and Vc/C1 regions in 14d DE rats occurred at a lower MO 

concentration than in sham rats and occurred bilaterally. Spontaneous eyeblink and MO-

evoked eyeblink and forelimb eyewipe behavior were increased in 14d DE rats compared to 

sham rats.

It is understood that many forms of DE can be classified as chronic inflammatory conditions 

(DEWS Report 2007; Calonge et al. 2010; Stern et al. 2013). Accordingly, current 

management strategies are designed to reduce the peripheral signs of ocular inflammation 

(Behrens et al. 2006; Alves et al. 2013). Although current treatments are effective in 

reducing ocular inflammation, such treatments often are not adequate to manage the 

symptoms of irritation in moderate to severe forms of DE (Asbell and Siegel 2010). In 

animal models of other chronic inflammatory pain conditions such as arthritis (Schaible et 

al. 2009) and visceral pain (Vergnolle 2008, Bradesi 2010) persistent exposure to 

proinflammatory agents, even at low levels, leads to sensitization of spinal cord neurons. 

Although a persistent elevation of proinflammatory cytokines and neuropeptides reported in 

tears of DE patients might be expected to sensitize second-order ocular neurons in 

trigeminal brainstem, this has never been tested directly in an animal model for DE.

A unique feature of the trigeminal somatosensory system, unlike spinal systems, is that 

craniofacial structures are represented somatotopically at multiple levels of the trigeminal 

brainstem complex (Bereiter et al. 2009). In all species examined thus far, trigeminal 

primary afferent fibers that innervate the eye terminate centrally at the Vi/Vc transition and 

at the Vc/C1 region (Marfurt 1981; Marfurt and del Toro 1987; Marfurt and Echtenkamp 

1988; Panneton et al. 2010). The functional significance of this dual representation is not 
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certain. However, based on encoding properties, responses to analgesics and ascending 

projection targets in naïve rats, we (Meng et al. 1997; Hirata et al. 1999; Hirata et al. 2000; 

Hirata et al. 2004) and others (Pelligrini et al. 1995) have proposed that neurons at each 

region serve different aspects of ocular function. Previously we reported that only ocular 

neurons at the Vc/C1 region, and not those at the Vi/Vc transition, displayed evidence 

consistent with central sensitization in models for uveitis (Bereiter et al. 2005) or 

photokeratitis (Tashiro et al. 2010; Chang et al. 2010). By contrast, in the present study the 

Fos-LI response to 2% and 20% MO was significantly greater at the Vi/Vc transition, and in 

the mid-Vc and Vc/C1 regions in DE rats compared to sham controls. Furthermore, the 

increased Fos-LI response to 2% MO in 14d DE rats compared to sham controls suggested 

that persistent tear reduction lowered the threshold for activation and increased the spread of 

neural excitation for ocular-responsive neurons within the caudal trigeminal brainstem in a 

TRPA1-dependent manner. At high concentrations of MO (20%) the Fos-LI response at the 

Vi/Vc transition was similar to that seen after 2% MO and was not different between DE 

and sham rats. By contrast, Fos-LI produced at the mid-Vc and Vc/C1 regions was clearly 

dose-dependent and after 20% MO was markedly greater in DE rats than sham rats. 

Interestingly, exorbital gland removal alone was sufficient to produce Fos-LI at the Vi/Vc 

transition consistent with results seen after acute drying of the ocular surface (Hirata et al. 

2004). This suggested that the reduced spontaneous tear volume in our DE model (~50% 

reduction) was sufficient to excite ongoing activity of moisture-sensitive corneal afferent 

fibers that would be expected to increase during ocular surface dryness (Meng and Kurose 

2013). These data support previous studies indicating that ocular stimulus intensity coding is 

a more pronounced feature of Vc/C1 neurons compared to Vi/Vc transition neurons (see 

Bereiter et al. 2000), whereas the Vi/Vc transition may be more involved in homeostatic 

reflex responses such as lacrimation and eyeblink (Hirata et al. 2004; Rahman et al. 2014) 

and maintenance of a stable tear film.

The classification and diagnosis of DE is based largely on peripheral signs of tear film 

instability and symptoms of discomfort (DEWS Report 2007; Sullivan 2014). Although an 

elevated level of proinflammatory molecules in tear samples is a consistent finding in DE 

(Calonge et al. 2010; Pflugfelder 2011; Stern et al. 2013), the relationship between 

inflammatory molecules in tears and the central integration of ocular sensory input that 

underlies the symptoms in DE is poorly defined. In the present study, behavioral and neural 

responses were evoked by mustard oil, a selective TRPA1 agonist, applied to the ocular 

surface. It was not possible to use the same concentration of MO for behavior measurements 

in awake animals and for Fos-LI counts in anesthetized rats. In pilot studies concentrations 

of MO greater than 0.2% caused pronounced eyelid closure and rats did not blink. Also, 

MO-evoked eyeblink and forelimb wiping behavior likely would have produced a Fos-LI 

response that may have confounded the interpretation of Fos-LI produced only by ocular 

surface stimulation. By contrast, the Fos-LI response in trigeminal brainstem to 0.2% MO 

would be expected to be low, since in an earlier study we found that injection of 0.2% MO 

or vehicle into the temporomandibular joint of barbiturate-anesthetized males rats produced 

similar responses (Bereiter 2001). TRPA1 is a member of the TRP family of non-selective 

cationic channels and is gated by a wide variety of proinflammatory agents (Bandell et al. 

2004; Bautista et al. 2006). Although TRPA1 has been shown to be upregulated in other 
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persistent inflammatory conditions (Malin et al. 2011; Lennertz et al. 2012), the fact that 

trigeminal ganglia protein levels were similar ipsilateral and contralateral to exorbital gland 

removal suggested that this DE model did not cause severe inflammation. This does not, 

however, exclude the possibility that peripheral TRPA1 may contribute to the maintenance 

of ocular irritation in DE, since elevated levels of proinflammatory agents such as nerve 

growth factor (Lambiase et al. 2011) and IL-6 in tears of DE patients (Lam et al. 2009; Na et 

al. 2012) could enhance TRPA1 functionality in neurons without necessarily increasing 

receptor expression (Diogenes et al. 2007; Malin et al. 2011; Malsch et al. 2014).

The present results were consistent with a central mechanism to account for the effects of 

persistent tear reduction on TRPA1-induced behavioral and central neural responses to 

ocular surface stimulation. However, despite no difference in trigeminal ganglion protein 

levels of TRPA1 ipsilateral and contralateral to gland removal, these results cannot exclude 

a role for peripheral mechanisms as a driving force for longer-term changes in the brain 

during persistent inflammation (Woolf and Costigan 1999; Baron et al. 2013). Dryness and 

irritation are common symptoms in DE (Begley et al. 2002). Considerable evidence suggests 

that TRPM8-positive trigeminal afferent neurons are responsible for a sense of dryness and 

provide the afferent signal for spontaneous tearing (Parra et al. 2010; Robbins et al. 2012). 

Although we did not specifically test for possible TRPM8 involvement, TRPM8- and 

TRPA1-positive neurons likely represent separate populations of trigeminal ganglion cells 

(Kobayashi et al. 2005). Several lines of evidence suggest that the afferent signals that drive 

the sensation of irritation versus those necessary to maintain a stable film represent input 

from different classes of nerve fibers. For example, sensitization of polymodal corneal 

afferent neurons after acute exposure to inflammatory agents did not affect the response to 

hyperosmolar tears (Parra et al. 2014), while topical application of selective TRPA1 

antagonists did not influence trigeminal ganglion responses to drying the cornea or to 

hyperosmolar tears (Hirata and Oshinsky 2012). In preliminary studies, we found that ocular 

instillation of menthol, a TRPM8 agonist, did not produce significant increases in Fos-LI in 

the rat trigeminal brainstem nuclear complex.

Conclusions

The present results indicated that persistent reduction in tears significantly enhanced the 

responsiveness of neurons to ocular surface stimulation by MO. Enhanced responsiveness 

was seen in the form of a reduced threshold concentration of MO needed to evoke 

significant increases in Fos-LI in the trigeminal brainstem and in the spread of the Fos-LI 

response to a greater number of trigeminal brainstem regions. These data support the 

hypothesis that TRPA1-related mechanisms play a key role in mediating the effects of 

persistent tear deficiency on central neuron excitability and symptoms of irritation in DE.
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Abbreviations

DE dry eye

Fos-LI Fos-like immunoreactivity

mid-Vc middle portion of trigeminal subnucleus caudalis

MO mustard oil

TRPA1 transient receptor potential ankyrin

TRPM8 transient receptor potential melanostatin

Vi/Vc trigeminal subnucleus interpolaris/caudalis

Vc/C1 trigeminal subnucleus caudalis/upper cervical region
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Highlights

1. Exorbital gland removal reduced tear volume by ~50%.

2. Enhanced eyeblink responses to 0.2% MO in 14 day dry eye rats.

3. Enhanced Fos-like immunoreactive neurons in caudal trigeminal brainstem of 

dry eye rats.

4. No change in TRPA1 protein in trigeminal ganglion of dry eye rats.
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Figure 1. 
Spontaneous tear volume was reduced ipsilateral (I), but not contralateral (C) to exorbital 

gland removal at 7 days and 14 days after surgery. Tear volume was measured over 2 min 

under barbiturate anesthesia. Sample sizes (rats per group) = naïve (6), sham (10), 7d DE 

(6), and 14d DE (5). **p<0.01 versus contralateral eye; b = p<0.01 versus other groups.
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Figure 2. 
Eyeblink (upper panel) and forelimb eyewipe behavior (lower panel) was evoked by low 

doses of MO in all groups. Sample sizes (rats per group) = sham (5), 7d DE (5), and 14d DE 

(5). *p<0.05, **p<0.01 versus response to 0.02% MO; a = p<0.05 versus sham.
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Figure 3. 
Tear reduction alone was sufficient to increase Fos-LI at the Vi/Vc transition in 7d DE and 

14d DE rats ipsilateral to exorbital gland removal. Sample size = 3 rats per group. **p<0.01 

versus sham group. Numbers on the x-axis refer to the distance from obex (mm). The 

approximate rostrocaudal boundaries of trigeminal subnucleus regions and upper cervical 

segments are indicated below.
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Figure 4. 
Rostrocaudal distribution of Fos-LI within the trigeminal brainstem complex of sham, 7d 

DE and 14d DE rats. Upper panel: vehicle application produced Fos-LI only at the Vi/Vc 

transition. Middle panel: 2% MO produced a bimodal pattern of Fos-LI at the Vi/Vc 

transition and at the Vc/C1 region in 14d DE rats, while Fos-LI in sham and 7d DE rats was 

mainly at the Vi/Vc transition. Lower panel: 20% MO increased Fos-LI at the Vi/Vc 

transition and at the Vc/C1 region in all groups. Numbers on the x-axis refer to the distance 

from obex (mm). The approximate rostrocaudal boundaries of trigeminal subnucleus regions 

and upper cervical segments are indicated below. Sample sizes (rats per group) = sham (4–

5), 7d DE (4–5), and 14d DE (4–6). **p<0.01 versus sham.
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Figure 5. 
Camera lucida examples of Fos-LI produced at the level of the Vi/Vc transition, midVc and 

Vc/C1 regions after 20% MO. One dot = 1 Fos-positive neuronal nucleus. Numbers to the 

right of the outlines indicate distance (in mm) from obex. Abbreviations (right side): IO, 

inferior olive; NTS, nucleus tractus solitarus; p, pyramidal tract. See list of abbreviations for 

further descriptions.
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Figure 6. 
Micrograph examples of Fos staining in sham and 14d DE rats after 20% MO applied to the 

ipsilateral ocular surface. A, B and C = Vi/Vc transition, mid-Vc and Vc/C1 region, 

respectively, in sham rats. D, E and F = Vi/Vc transition, mid-Vc and Vc/C1 region, 

respectively, in 14d DE rats. Calibration bar in (A) and (F) = 100 μm. Dotted lines in (B) 

and (C) indicate border between laminae II and III. Abbreviations (left side): I–II, superficial 

laminae; III–IV, deeper laminae. See list of abbreviations for further descriptions.
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Figure 7. 
Summary of treatment effects on Fos-LI produced ipsilateral to exorbital gland removal in 

sham, 7d DE and 14d DE rats. Upper panel: Vi/Vc transition, Fos-LI increased after vehicle, 

2% MO and 20% MO in 7d DE and 14d DE rats. Note that 2% and 20% MO produced 

similar responses in all groups. Middle panel: midVc, Fos-LI increased after MO in a dose-

related manner in DE rats, whereas sham rats displayed no significant increase. Lower 

panel: Vc/C1 region, Fos-LI increased after MO in a dose-related manner in all groups. Note 

that at midVc and Vc/C1 regions only 14d DE rats displayed significant increases in Fos-LI 

after 2% MO. Sample sizes (rats per group) = sham (4–5), 7d DE (4–5), and 14d DE (4–6). 

*p<0.05, **p<0.01 versus vehicle, a = p<0.05, b = p<0.01 versus sham group.
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