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Abstract

Our laboratory previously developed a novel neuropathic and inflammatory facial pain model for 

mice referred to as the Trigeminal Inflammatory Compression (TIC) model. Rather than inducing 

whole nerve ischemia and neuronal loss, this injury induces only slight peripheral nerve 

demyelination triggering long-term mechanical allodynia and cold hypersensitivity on the 

ipsilateral whisker pad. The aim of the present study is to further characterize the phenotype of the 

TIC injury model using specific behavioral assays (i.e. light-dark box, open field exploratory 

activity, and elevated plus maze) to explore pain- and anxiety-like behaviors associated with this 

model. Our findings determined that the TIC injury produces hypersensitivity 100% of the time 

after surgery that persists at least 21 weeks post injury (until the animals are euthanized). Three 

receptive field sensitivity pattern variations in mice with TIC injury are specified. Animals with 

TIC injury begin displaying anxiety-like behavior in the light-dark box preference and open field 

exploratory tests at week 8 post injury as compared to sham and naïve animals. Panic anxiety-like 

behavior was shown in the elevated plus maze in mice with TIC injury if the test was preceded 

with acoustic startle. Thus, in addition to mechanical and cold hypersensitivity, the present study 

identified significant anxiety-like behaviors in mice with TIC injury which resembling the clinical 

symptomatology and psychosocial impairments of patients with chronic facial pain. Overall, the 

TIC injury model’s chronicity, reproducibility, and reliability in producing pain- and anxiety-like 

behaviors demonstrate its usefulness as a chronic neuropathic facial pain model.
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Approximately 22% of the US population suffers from facial and headache pain. Patients 

with trigeminal neuropathic pain, one type of chronic facial pain, frequently report 

experiencing a continuous aching and burning pain sensation that may be accompanied by 

intermittent electrical shock-like pain. Patients with this type of facial pain also report 

mechanical allodynia and cold hypersensitivity (Baron et al., 2010; Zakrzewska, 2013a,b). 

While dental procedures or trauma are known causes of peripheral trigeminal nerve injury 

and inflammation, in some cases, no clear causes are identified for the origin and 

maintenance of trigeminal neuropathic pain (Porto et al., 2011, Renton and Yilmaz, 2011).

There are, however, a limited number of models of such pain conditions available for use in 

laboratory experiments. Historically, one model of neuropathic, facial pain frequently used 

in rats is known as the chronic constriction injury of the infraorbital nerve (CCI-ION) (Vos 

et al., 1994). This model has been adapted for use in mice and is referred to as the partial 

CCI-ION (Xu et al., 2008). Both models involve tying chromic gut suture around the ION, a 

branch of the maxillary nerve which innervates the whisker pad of rodents, which causes 

mechanical hypersensitivity in the whisker pad region. However, tying this suture causes 

deformation of the ION and constricts blood flow thus inducing partial nerve ischemia and 

loss (Bennett and Xie, 1988, Kim and Chung, 1992, Kawamura et al., 1997), features not 

consistent with the clinical symptomatology of patients suffering from trigeminal 

neuropathic pain. To address these issues, a novel chronic facial neuropathic pain model in 

mice, named the Trigeminal Inflammatory Compression (TIC) injury model, was developed 

in our laboratory to more closely mimic the clinical characteristics of trigeminal neuropathic 

pain (Ma et al., 2012). As previously reported, the TIC injury model is produced by inserting 

chromic gut suture between the infraorbital nerve and the maxillary bone. This placement 

alongside the nerve, rather than constriction of the nerve, has been successful in limiting 

whole nerve ischemia and demyelination in mice but promoting long-term whisker pad 

hypersensitivity (Ma et al., 2012).

The present studies were performed by another surgeon and other testers than in the original 

study to validate the method. Due to its novelty, reliability, and relevance for translational 

studies, there is a great need for further characterization of the TIC injury model to increase 

our understanding of the behavioral characteristics of the model. For example, one important 

aspect of the clinical presentation of trigeminal neuropathic pain is the common comorbidity 

of psychological disorders and emotional distress (Wall and Melzack, 1999). In clinical 

populations, symptoms of anxiety and depression in particular have been consistently 

observed in patients with chronic trigeminal-mediated pain (Averill et al., 1996, Fishbain, 

1999a, b, McWilliams et al., 2003, Nicholson and Verma, 2004, Robinson et al., 2009, 

Burris et al., 2010).

The measurement of constructs such as anxiety and depression in animal models, however, 

has proven more difficult than in clinical populations. Fortunately, the use of cognitive 
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dependent tests offers a more thorough examination of psychological constructs such as 

anxiety, and are increasingly used by researchers seeking to understand chronic neuropathic 

pain conditions (Mao et al., 2008, Mogil, 2009). Measures of anxiety-like behaviors in 

animals have been extensively studied, and numerous validated protocols have been 

developed (Belzung and Griebel, 2001). Three assays that are particularly well understood 

in measuring animal behavior associated with psychological constructs such as anxiety are: 

the light-dark preference test, the open field exploratory test, and the elevated plus maze 

task. Furthermore, the activity and rearing behavior in each of these tasks has been 

previously shown to be affected by pain (Crawley and Goodwin, 1980, Belzung and Griebel, 

2001, Bouwknecht and Paylor, 2002, Roeska et al., 2008, Parent et al., 2012).

The aim of the current study was to further characterize the novel TIC injury model by 

examining mechanical allodynia and heat hypersensitivity, as well as by measuring anxiety-

like behaviors with cognitive dependent operant tests. The hypothesis was that mice with 

TIC injury would display greater mechanical allodynia, cold hypersensitivity, and more 

anxiety-like behaviors than naïve mice or animals undergoing sham surgical procedures.

2. Experimental Procedures

2.1. Animals

All experiments were performed with C57Bl/6 male, wild-type mice that weighed between 

25 and 35 grams purchased from Harlan Laboratories (Indianapolis, IN). All mice were age 

matched. Animals were randomly assigned to receive either experimental (TIC injury 

model) surgical procedures, sham surgical procedures, or to remain naïve. Mice were housed 

in a well-ventilated room (maintained at 27°C) with a reversed 10/14 h dark/light cycle so 

that testing could be performed during the active period. All mice had access to food and 

water ad libitum throughout the duration of the experiment. Regular rodent chow diet with 

low soy bean content was provided (Teklab 8626, Harlan, Indiana). All experimental 

procedures were completed according to the guidelines provided by the National Institute of 

Health (NIH) regarding the care and use of animals for experimental procedures. Animal 

protocols were approved by the University of Kentucky’s Institutional Animal Care and Use 

Committee (IACUC). All animals were housed in facilities approved by the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC) and the 

United States Department of Agriculture (USDA).

2.2. Trigeminal Inflammatory Compression (TIC) Injury Surgery

Mice were anesthetized with sodium pentobarbital (70 mg/kg, i.p.). Under standard sterile 

surgery conditions, the hair on the top of their head was shaved and the area disinfected. 

Ophthalmic cream was applied over their eyes to protect them from over-dryness. Mice 

were then fully constrained in a stereotaxic frame. A small 15 mm incision was made along 

the midline of the head and the orbicularis oculi muscle was gently dissected and retracted 

away from the bone. Small cotton balls were packed into the orbital cavity to control 

bleeding, and the infraorbital nerve was located (approximately 5mm deep within cavity). 

Animals randomly assigned to receive the TIC injury surgery underwent surgical placement 

of a 2 mm length of chromic gut suture (6-0). Chromic gut suture was inserted parallel to the 
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edge and among the infraorbital nerve fibers adjacent to the maxillary bone infraorbital 

fissure where it can be observed adhered to the nerve when dissected at the end of the 

experiment. This is done in order to prevent the chromic gut suture from being lost in the 

orbital cavity, but not to pierce the entire infraorbital nerve. Mechanical allodynia is induced 

in the mouse whisker pad due to the physical stimulation of the nerve by the suture as well 

as due to the irritative chromate salt released from the suture. Animals assigned to receive 

sham surgical procedures did not have the chromic gut suture placement, but only received 

the skin incision and muscle retraction. Naive animals did not receive any surgery.

2.3. Behavioral Tests

All behavioral tests were conducted during the animals’ active cycle (i.e. dark phase of the 

dark/light cycle) during the hours of 8:00 am to 6:00 pm. During testing, either a red-light or 

a dim lamp was illuminated to allow light for the experimenters. The light-dark preference 

and open field tests were repeated 4 weeks apart, and the elevated plus maze was given only 

once to avoid over-testing the mice (Walf and Frye, 2007).

2.3.1. Assessment of Mechanical Allodynia—Mechanical threshold of the whisker 

pad was measured before and after surgery with a modified up/down method using a graded 

series of von Frey fiber filaments (force:0.008 g (size:1.65); 0.02 g (2.36); 0.07 g (2.83); 

0.16 g (3.22); 0.4 g (3.61); 1.0 g (4.08); 2.0 g (4.31); 6.0 g (4.74); Stoelting, Wood Dale, IL). 

One experimenter gently restrained the mouse in their palm (2–5 minutes) with a cotton 

glove until the mouse was acclimated and calm. A second experimenter applied the von Frey 

filaments to the mouse’s whisker pad. The 0.16 g (3.22) fiber was applied first. If the mouse 

responded three or more times out of five trials to the fiber, this was considered a positive 

response and the next lower gram force filament was applied. However, if the mouse 

responded two or fewer times out of five to the fiber applied, this was recorded as a negative 

response and then the filament with the next higher gram force was applied. Head 

withdrawal, front paw sweeping, and biting were considered positive responses. Time 

between applications of each filament was 2–10 seconds. After one fiber successfully caused 

positive responses, application of the subsequent fibers continued until four fibers were 

applied or until the animal responded to the lowest gram force fiber. Data were analyzed 

with a curve-fitting algorithm that allowed for estimation of the 50% mechanical withdrawal 

threshold (measured in gram force). In this test, decreased mechanical threshold value as 

compared to baseline is considered to be indicative of mechanical allodynia. Responses to 

the von Frey fiber stimulations were recorded on day 7 post surgery (TIC and sham) and 

testing continued once a week post-surgery for both the ipsilateral and contralateral whisker 

pads. A cohort of naïve mice were tested intermittently (weeks 2, 4, 8, 10, 11) only for 

mechanical threshold alongside the sham animals and mice with TIC injury.

2.3.2. Assessment of Thermal Hypersensitivity—The protocol used to measure 

thermal hypersensitivity was adapted from previous experimental protocols (Neubert et al., 

2005). Neubert and colleagues used a metal probe connected to a water bath placed in an 

operant licking box. The present study utilized a looped copper coil probe (0.065″ I.D.; 1/8″ 

O.D.; 0.030″ Wall Thickness, Restek Corporation, Bellefonte, PA) with a 5 × 3 × 3 mm tip 

connected to an insulated rubber tubing and attached directly to an Isotemp bath circulator 
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(39.5 × 24.5 × 39 cm, Isotemp 3016S; Fisher Scientific). The water bath was filled with 

antifreeze liquid, and digitally set to a specified temperature for testing. The temperature of 

the copper-wire probe was measured with a Physiotemp temperature monitor (Thermalert 

Model TH-8; PHYSIOTEMP INSTRUMENTS INC. Clifton, NJ, USA). The temperatures 

reported in this study were measured from the tip of the copper-wire probe. The 10–11 °C 

was chosen to activate cold nociceptors; likewise 45–46.5 °C was chosen as this temperature 

was proved to discriminate sensitization in inflammatory conditions (not in normal 

conditions) (Neubert et al., 2005, Rossi and Neubert, 2009). Room temperature (23–24.3°C) 

and mouse body skin temperature (32–32.5°C) were chosen to act as controls for this 

experiment to ensure that contact with the probe was not causing an adverse mechanical 

stimulation to the animals. Mouse skin was shaved on the ipsilateral V2 (trigeminal nerve 

second branch) region just behind the whisker pad 24 hours before testing (Cha et al., 2012). 

One experimenter gently restrained the mouse in their palm with a cotton glove until the 

mouse was acclimated and calm (5 minutes). The other experimenter then applied the 

looped copper-wire probe to the shaved V2 region (Figure 1.A). Head withdrawal latency, 

the time in seconds from which the stimulus was applied to the time the mouse reacted with 

head withdrawal, front paw sweeping, and/or biting, was recorded. Three trials for each 

temperature were conducted with 1 minute intervals between each trial. Mice were tested 

with only one temperature per testing day and thermal testing for all animal groups occurred 

after post-operative week 8.

2.3.3. Acoustic Startle Disturbance—The acoustic startle disturbance test is a well-

established measure of anxiety-like behaviors in response to a stressful stimulus (Geyer et 

al., 1982, Blaszczyk et al., 2000, Blaszczyk et al., 2010). Mice were placed in a vinyl 

cylinder container (radius: 21.5 cm; depth: 29.9 cm) with room for the animal to move. To 

produce an acoustic startle disturbance above the animal for a period of 2 min, one 

experimenter irregularly pressed a © Top Paw Dog Training Clicker (2″ Length “blue bone” 

clicker; Item # 39330 purchased from ©Pet Smart, Lexington, KY). The clicker was pressed 

with force eliciting an average frequency of 430.89 Hz (recorded with a KAYPENTAX 

COMPUTERIZED SPEECH LAB, Real-Time Pitch; Model #5121, version 3.4.1) and 

ranging from 70–110 dB (Decibel Meter App; Version 1.6; Device Type: iPhone4 iOS 

Version: 6.1.3). Mice not currently being tested were housed in a separate sound-proof room 

during the acoustic startle test. Immediately after exposure to the mild acoustic startle, mice 

were either placed in the dark side of the light-dark box or the central area of the elevated 

plus maze for some groups to begin the test designated for that day.

2.3.4. Two Compartment Light-Dark Box Preference Test—The light-dark box 

preference task has a long history of use in the measurement of anxiety-like behavior. In this 

task, anxiety-like behaviors are believed to manifest as a decrease in: 1) total time spent in 

the light area, 2) number of entries into the light area, and 3) number of rearing events and 

exploratory behavior (Crawley and Goodwin, 1980, Hascoet, 1998, Bouwknecht and Paylor, 

2002). The light-dark box consists of two equally-sized chambers (one illuminated and one 

darkened; 11 × 19 × 12 cm/each) connected with a 5 × 5 cm doorway in which mice are 

allowed to move freely between chambers. Immediately after exposure to the mild acoustic 

startle disturbance (described above), mice were placed in the dark side of the box facing 
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away from the light chamber. Animals remained in the light-dark preference box for a total 

of 10 minutes. Behaviors measured in this test included: (1) time spent in the light area, (2) 

number of transitions into the light and dark chambers, defined as at least partial passage 

between chambers with extension of at least one of the animal’s back legs from one chamber 

to the next; (3) number of rearing events, a measurement for exploratory behavior, (4) 

latency of the first transition into the light chamber, and (5) latency of first re-entry 

(transition) back into the dark chamber. Behaviors were measured at postoperative weeks 1, 

4, and 8.

2.3.5. Open Field Exploratory Activities—Exploratory behaviors were measured using 

a Flexfield Animal Activity System (San Diego Instruments, San Diego, CA). This 

apparatus consists of two Plexiglas chambers (40 × 40 × 36 cm) equipped with Photobeam 

Activity System (PAS) software coupled to a Compaq 486 computer (Hewlett Packard, Palo 

Alto, CA). Each chamber contained infrared photobeam sensors with 16 beams on each axis 

(total of 32 beams) that are arranged 1.25 cm above the chamber floor. Obstruction of these 

photo beams constitutes movements in the x- and y- plane. The x- and y- plane were further 

divided into a central and peripheral area. Another set of 16 beams is located 8 cm above the 

chamber floor to record movements along the z-axis measured i.e. rearing events and rearing 

duration (Zhang et al., 2004). Data were collected in 5-min intervals for a total of 45 minutes 

to record: (1) number and duration of rearing events (2) active time vs. rest time, (3) overall 

distance travelled, (4) total beam breaks, and (5) time spent in the central verses peripheral 

areas of the chamber. Behaviors were measured at post-operative weeks 1, 4, and 8.

2.3.6. Elevated Plus Maze Task—The elevated plus maze task is a widely used test for 

measuring anxiety-like behavior, and behaviors in this test have been previously shown to 

be affected by rodent pain models (Kontinen et al., 1999, Belzung and Griebel, 2001, 

Roeska et al., 2008, Parent et al., 2012). The elevated plus maze (Bioseb, Vitrolles, France) 

consists of four arms arranged in a cross-shaped design (length: 35 cm, width: 5 cm/each, 

height from floor: 51 cm); two arms are enclosed on three sides by 15 cm high walls and the 

other two are not. All arms meet in a central area (5 cm × 5 cm) which allows animals to 

move freely throughout each zone of the maze. A computer equipped with automated 

program software (BIOEPM 1.1.14; BIOSEB, France) and linked with a camera head 

(DFK22AUC03) recorded each animal’s movement throughout the maze. Mice were placed 

in the central area of the maze and allowed to explore the maze for a period of 5 minutes. 

Separate groups of mice received acoustic startle disturbance (described above) and then 

immediately placed into the plus maze. Mouse behaviors were videotaped, coded, and 

analyzed off line by an observer blinded to experimental group for: (1) time spent in open 

arms, (2) number of transitions into the open and closed arms, and (3) number of head dips 

into the open arms, defined as the movement of the animals head from the closed arm to the 

open arm of the maze. This test was only given once to separate groups of mice with and 

without acoustic startle.

In this test, the open arms represent a potentially threatening environment. Thus anxiety-like 

response to this perceived threat results in decreased time spent in the open arms and 

decreased number of entries into the open arms of the maze (Belzung and Griebel, 2001). 
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Acoustic startle disturbance just prior to the test induces panic anxiety-like behavior with 

increased time and entries in the open arms compared to controls (de Paula and Hoshino, 

2003, 2004).

2.4. Statistical Analysis

GraphPad Prism 6 statistical program was used for all data analysis (Graph Pad Software, 

Inc. La Jolla, CA). Results are shown as the mean ± standard error. Data were analyzed by 

one-way analysis of variance (ANOVA) followed by Tukey post hoc test and two-way 

ANOVA followed by Fisher post hoc test where appropriate. A p<0.05 was considered 

significant for all tests.

3. Results

3.1. Animals with TIC Injury Displayed Unilateral Mechanical Allodynia of the Whisker Pad

The mean 50% mechanical threshold of the ipsilateral side for mice with TIC injury was 

0.03 ± 0.28g indicating mechanical allodynia, while the mean 50% mechanical threshold of 

the contralateral side (3.72 ± 0.12g) was not significantly different from baseline (n=13; 

p>0.05, Figure 1.B). All mice (100%) that underwent TIC surgery developed mechanical 

allodynia on the ipsilateral but not the contralateral whisker pad as determined with von 

Frey fibers thus confirming the results of our previously published paper describing this 

model (Ma et al., 2012). The 50% mechanical thresholds for sham and naïve animals 

remained consistently similar to baseline values (sham: ipsilateral, 3.36 ± 0.07g; 

contralateral, 3.49 ± 0.05g; n=12; naïve: ipsilateral, 3.55 ± 0.019g; contralateral, 3.50 ± 

0.21g, n=5). For animals with TIC injury, a two-way ANOVA demonstrated statistically 

significant effects for time (F (4,227) =13.26, p<0.001), group (F (5,227) =144.30, p<0.001), 

and the interaction of group x time (F (20,227) =11.07, p<0.001). Fisher post hoc analyses 

revealed significant differences between mechanical thresholds of the ipsilateral side for the 

mice with TIC injury and sham animals (t=9.53, p<0.001) and for the mice with TIC injury 

and naïve animals (t=12.67, p<0.001). The decreased mechanical threshold in the animals 

with TIC injury was present post injury only on the ipsilateral side and persisted until the 

animals were euthanized in week 21.

The previously published study mentioned the presence of a receptive field on the mouse 

whisker pad, which was not discussed in detail (Ma et al., 2012). Initially, in the present 

study, von Frey fibers <0.16 g (3.22) were applied to the whisker pad sporadically until a 

withdrawal response occurred in order to find the specific receptive field for each animal. It 

is important to note that all mice with TIC injury responded to the 0.4 g fiber (3.61) 

regardless of specific receptive field stimulation, whereas the sham and naïve animals did 

not respond to the 0.4 g (3.61) fiber. The location of the receptive field for each animal 

remained consistent across time points and rarely changed once established. This provides 

evidence that placement of the chromic gut suture not only produces an injury to a localized 

area of axonal fibers along the infraorbital nerve, but also suggests that injury to these fibers 

correlates with a specific receptive field on the whisker pad.

Three different patterns for receptive fields were identified on the whisker pads of injured 

mice (Figure 1. C). Mouse #1 is representative of the most typical receptive field observed in 
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50% of the mice with TIC injury. The second most common pattern is represented by Mouse 

#2 and was observed in 38% of mice with TIC injury. Mouse #3 represents a uniquely 

different receptive field seen in only 11% of mice with TIC injury in which the receptive 

field was scattered sporadically throughout the whisker pad. Interestingly, all mice (100%) 

subjected to TIC surgery showed a sensitive spot at the 6 o’clock position on the whisker 

pad (Figure 1.C, indicated by the red x with a circle). The slightly different patterns of 

receptive fields are likely dependent upon the specific ION fibers in contact with the 

chromic gut suture.

3.2. TIC Injury Induced a Unilateral Cold Allodynia of the V2 Area

Withdrawal latencies for four thermal stimuli applied to the skin were recorded (n=8; Figure 

1D). For the 10–11°C (i.e., cold) temperature stimuli, the head withdrawal latency of 

animals with TIC injury (5.11 ± 0.62s) was significantly reduced compared to that of sham 

animals (9.21 ± 0.88s) and naïve animals (9.75 ± 0.71s; F (2, 14) =17.50, p<0.001). The 

head withdrawal latency of animals with TIC injury for the 45–46.5°C (i.e., heat) 

temperature stimuli was 10.21± 1.20s which was not significantly different compared to that 

of sham (9.42 ±1.11s) or naïve animals (8.63 ±0.90s; p>0.05). At room temperature 

(23.24.3°C), the head withdrawal latency of animals with TIC injury (15.54 ± 1.52s) was not 

significantly different from sham (16.79 ± 0.83s) and naïve animals (17.17 ± 1.13s; p>0.05). 

For stimulation at mouse skin temperature (32–32.5°C), the head withdrawal latency of 

animals with TIC injury was 20.42 ± 2.37s, which was not significantly different from the 

sham (17.25 ± 1.87s) and naïve animals (15.92 ± 1.75s; p>0.05; Figure 1.D). These results 

indicate that animals with TIC injury were sensitive to mild cold stimuli as compared to 

sham and naïve animals, but had normal reactions to heat, room temperature, and skin 

temperature stimuli.

3.3. Animals with TIC Injury Displayed Anxiety-Like Behaviors in Two Compartment Light-
Dark Preference Testing

Immediately after the 2-min acoustic disturbance, mice were placed in the dark side of the 

light-dark box facing away from the light box to begin the 10 min experiment. Total time 

spent in the light and dark sides, light-dark transitions, rearing events and latencies to the 

first cross into the light side and re-entry into the dark side were measured over 10 min. 

There were no significant differences in time spent in the light/dark sides or numbers of 

rearing events in weeks 1 or 4 post-injury (all p values >0.05). There was no significant 

difference between mice with TIC injury and sham animals when comparing latency of the 

first cross into the light side, latency to re-enter dark side, or the number of light-dark 

transitions (all p values >0.05; Table 1). Both mice with TIC injury and sham animals spent 

almost equal amounts of time in the light and dark sides of the box at post-injury week 1 and 

week 4 (p>0.05). At post-injury week 8, mice with TIC injury spent less time in the light, 

231.60 ± 25.55s, i.e. they remained in the dark chamber over 70% of the testing time. In 

contrast, the sham mice remained consistent (330.39 ± 43.72s; i.e., over 50%) in time spent 

in the light chamber (TIC vs. sham, t (74) =2.11 p<0.05, Figure 2.A). Mice with TIC injury 

also had significantly fewer rearing events (9.77 ± 1.89/10min) at week 8 post injury 

compared to sham animals at week 8 post surgery (18.82 ±1.95/10min, t (74) =3.01, 

p<0.005, Figure 2. B). This difference remained significant even when the number of rearing 
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events was analyzed by the first and second five minute intervals of the light-dark box 

preference (Table 1). The results of the light-dark box preference tests indicate that mice 

with TIC injury develop responses consistent with anxiety-like behavior at eight weeks post-

injury.

3.4. Acoustic Disturbance Affected Mice with TIC in the Elevated Plus Maze Task

There was no evidence of anxiety-like behavior in any group in the elevated plus maze test 

administered in a quiet environment (Figure 3). However, separate groups of mice were 

subjected to plus maze testing immediately after a 2 min acoustic disturbance. In this case, 

mice with TIC spent significantly more time in the open arms (78.90 ± 30.45s) than did 

sham animals (8.89 ± 3.52s, t (51) =3.30, p<0.05, Figure 3. A). Mice with TIC injury also 

had more transitions into the open arms compared to sham animals at week 1 post-injury 

(TIC: 4.00 ± 0.67/5min; sham: 1.50 ± 0.42/5min; t (51) =3.52, p<0.01) Figure 3. B). The 

number of head dips into the open arms did not differ between mice with TIC injury (Figure 

3. C).

3.5. Mice with TIC Injury Showed Less Exploratory Activity

Exploratory behavior for animals with TIC injury and sham animals was compared via 

analyses of rearing duration and events, active time, resting time, total distance travelled, 

total beam breaks, and time spent in the center vs. periphery of the testing apparatus. 

Animals with TIC injury showed less rearing behavior than sham animals at week 8 post-

injury as measured by both rearing duration (TIC: 153.11 ± 18.22s; sham: 224.75 ± 25.09s; t 

(64) =2.62, p<0.05; Figure 4A) and number of rearing events (TIC: 229.89 ± 27.36; sham: 

337.46 ± 37.67; t (64) =2.62, p<0.05; Figure 4B). During week 8 post-injury, mice with TIC 

injury had lower active time (2311.50 ± 63.94s) and greater resting time (388.48 ± 63.94s) 

compared to sham animals (active, 2513.30 ± 43.15s; resting, 186.72 ± 43.15s; t (64) =2.73, 

p<0.05, Figure 4C & 4D). Mice with TIC injury also travelled less total distance than sham 

animals in week 8 post-injury (TIC: 1370.20 ± 110.60cm; sham: 1666.00 ± 114.38cm, t (64) 

=2.21, p<0.05; P<0.01; Figure 4E). There was no difference in the number of total beam 

breaks or center vs. peripheral time duration at any time point (all p values >0.05; Figure 4F, 

4G, & 4H). Significant differences at weeks 1 or 4 post injury were not observed (all p 

values >0.05). Results in the open field test parallel the light-dark box data and support the 

development of anxiety-like behaviors in mice with TIC injury at week 8 post injury.

4. Discussion

4.1. TIC Injury Model Mimics Clinical Neuropathic Pain

In the present study, we determined that the TIC injury model is efficacious for inducing 

hypersensitivity in 100% of the animals receiving the chromic gut suture placement. This is 

due to the adherence of the chromic gut suture to the infraorbital nerve edge. All mice 

experienced mechanical allodynia on the ipsilateral whisker pad with distinctive receptive 

fields. The receptive field pattern variations in the TIC injury model are believed to be due 

to the position of the chromic gut suture relative to specific infraorbital nerve fibers adjacent 

to the maxillary bone. The development of cold allodynia in the mice with TIC injury, but 

not heat hypersensitivity is another important feature of this model as clinic patients with 
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neuropathic pain experience cold hypersensitivity but not heat sensitivity (Baron et al., 2010, 

Zakrzewska, 2013a, b).

The present study determined that the TIC injury model persists at least 21 weeks post-

injury which is even longer than previously reported by our lab (Ma, et al., 2012). These are 

the first recorded data for a mouse facial pain model persisting for this extended length of 

time. The model does not cause nerve ischemia and only causes partial demyelination of the 

infraorbital nerve (Ma et al., 2012). Many acute and chronic orofacial models are in use that 

successful induce hypersensitivity in the mouse. However, many are acute models that do 

not persist longer than a week and fall short of reflecting the full clinical characteristics of 

chronic facial pain (Luccarini et al., 2006, Bornhof et al., 2011, Quintans et al., 2014). The 

chronic models of facial pain either differ significantly from the clinical presentation of 

patients with trigeminal pain or have low efficacy in mice (Vos et al., 1994, Saito et al., 

2008, Xu et al., 2008, Zhang et al., 2012b, Siqueira-Lima et al., 2014).

The TIC injury model also mimics several other aspects consistent with the clinical 

presentation chronic facial pain in humans with this pain condition. For example, mice with 

TIC injury have distinct receptive fields that elicit withdrawal reflex responses just as human 

patients have specific receptive fields triggering pain. The pattern of the receptive field is 

not always the same in all animals. Likewise, the pattern of receptive fields varies from 

person to person (Simons and Travell, 1981, Travell, 1981, Siqueira et al., 2009). Moreover, 

mice with TIC injury display only cold but not heat hypersensitivity. Patients suffering with 

trigeminal neuropathic pain are not often bothered by heat stimuli, but instead more often 

complain that cold air, light touch, or blowing wind trigger their shooting pain (De Leeuw, 

2008, Zakrzewska, 2013a, b).

4.2. Mice with TIC Injury Develop Anxiety-Like Behaviors

For the light-dark box preference and open field exploratory tests, the behavior of the mice 

with TIC injury at week 8 is significantly altered. The validity of repeating these tests every 

four weeks was indicated by the unaltered post injury behavior of the shams and the naïve 

mice which remained relatively consistent in weeks 1, 4, and 8 post surgery (Walf and Frye, 

2007). In the light-dark box preference test, only the mice with TIC injury spend 

significantly less time in the light side of the box and have fewer numbers of rearing events 

at week 8 post-injury. Similarly for the open field testing, mice with TIC injury have fewer 

of the rearing events, less active time with increased resting time, and less total distance 

traveled only at post-injury week 8 compared to sham animals. The TIC injury induced 

anxiety-like behaviors persist well beyond 8 weeks and can be attenuated with 

pharmacological agents (manuscript in preparation). Although, operant behavioral testing 

beyond week 8 is not reported in this paper, these anxiety-like behaviors remained 

consistent throughout the 21 week experimental time course after the TIC injury, paralleling 

the whisker pad mechanical hypersensitivity reported here.

Previous research has shown that a decreased amount of time spent in the light side of the 

light-dark box, as well as a decreased number of rearing events and transitions into the light 

side, are anxiety-like behaviors (Costall and Naylor, 1997, Fedorova et al., 2003, Cryan and 

Holmes, 2005). Open field testing has been used to assess the exploratory and locomotor 
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activity of animals in this case with automated counts for number of rearing events, 

measures of active vs. resting time, and time spent in the center vs. peripheral portions of the 

grid. Decreased number of rearing events, decreased active time, and decreased maze center 

occupancy time is considered a reliable index of anxiety-like behavior and can be used to 

measure response to anxiolytic agents (Katz and Roth, 1979, Costall and Naylor, 1997, 

Ramos et al., 1997).

4.3. Acoustic Disturbance Has Increased Effect on Mice with TIC in the Elevated Plus Maze 
Task

The plus maze can only be tested once without decrement due to acclimatization. Anxiety-

like behavior was not evident in the shams or mice with TIC injury tested in the Plus Maze 

except when previously exposed to the 2 minute acoustic startle. Mice with TIC injury and 

acoustic startle disturbance spent significantly more time in the open arms and had a 

significantly greater number of transitions compared to non-startled mice with TIC, sham, 

and naïve mice. One could argue that these results represented panic-like anxiety behavior in 

the TIC mice (de Paula and Hoshino, 2003, 2004). Thus, mice with TIC injury with the 

acoustic disturbance had less evidence of open arm avoidance anxiety despite their reflexive 

pain related behaviors, similar to results in other studies utilizing acoustic startle (Davis et 

al., 1997, Bailey and Crawley, 2009).

Mice with TIC injury that were not exposed to the acoustic disturbance, however, did not 

have this increase in time spent in the open arms or number of transitions compared to sham 

animals without acoustic startle. Thus, the animals with both acoustic stress and injury 

displayed susceptibility to hyperarousal, revealing the panic-like anxiety behaviors of the 

mice with TIC injury already in a sensitized state. An acoustic startle disturbance has been 

shown to create “stress-induced analgesia” by inducing endogenous opioids release, thereby, 

creating the possibility that the animals with acoustic stress were also less aware of their 

painful condition (Lewis et al., 1980, Watkins and Mayer, 1982, Nencini et al., 1984, 

Terman et al., 1984, Vitale et al., 2005, Frew and Drummond, 2008). A human corollary of 

stress induced analgesia early after initiation of pain has been reported (Vachon-Presseau et 

al., 2013). Since the separate cohorts of animals without acoustic startle disturbance did not 

exhibit the same open arm behavior, the acoustic disturbance apparently induced a panic 

reaction resulting in increased time spent in open arms and an increased number of 

transitions. This is not unlike the wild running behavior mediated by the dorsal 

periaqueductal grey previously reported after acoustic startle (de Paulis and Hoshino, 2003, 

2004). Chronic pain has been shown to be a predictor of panic attacks in patients 

(Smitherman et al., 2013; Kang et al., 2015).

Although the acoustic stimulation was an important stressor in the elevated plus maze test, it 

did not appear to have much effect on the behaviors of the mice in the light-dark box 

preference test. This suggests the plus maze was more stressful than the light-dark box and 

open field for triggering anxiety-like activities (Cruz et al., 1994, Rodgers, 1997, Rodgers 

and Dalvi, 1997, Salas et al., 2003, Walf and Frye, 2007).

Another possible explanation for these data is that animals with TIC injury had more 

reactivity to the stressors and worse decision making capacity after the acoustic startle 
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stimulation in the elevated plus maze task. This could be due to plastic changes in brain 

circuitry occurring long-term after injury. Neugebauer and colleagues (2004) described the 

altered physiological responses of the amygdala as a multi-functional pain integration site 

(Neugebauer et al., 2004). The pre-frontal cortex, amygdala, and ventral hippocampus are 

just a few areas of the brain crucial in anxiety responsive behaviors (Quirk et al., 2000, 

Neugebauer et al., 2004, Ji et al., 2010, Rea et al., 2013). Rodents with excitotoxic lesions in 

pre-frontal cortex, amygdala, and ventral hippocampus reportedly spend significantly more 

time in the open arms and have increased numbers of transitions compared to sham animals 

in the elevated plus maze test (Quinn et al., 2002, Shah and Treit, 2003, Ventura-Silva et al., 

2013). This interpretation allows for the coexistence of anxiety/stress and chronic pain. 

Therefore, if pharmaceutical agents were available that not only alleviated chronic pain, but 

also anxiety, then perhaps our understanding of these mechanisms would be improved. A 

second report will present anxiety-like behaviors of mice with TIC injury at time points well 

beyond 8 weeks post-injury (weeks 8–21) as well as experiments with different 

pharmacological agents.

Together, the results of the light-dark preference, open field, and elevated plus maze testing 

have supported the TIC injury as an efficacious model for inducing anxiety-like behaviors as 

well as chronic facial pain. Other chronic pain models in animals have also observed similar 

anxiety-like behavior after migraine-induced pain and sciatic nerve injury (Robinson et al., 

1988, Lipton et al., 2000, McWilliams et al., 2003, McWilliams et al., 2004, Dellarole et al., 

2014). Of further note is that mice with TIC injury develop the anxiety-like behaviors by 

week 8 post-injury in each of the three tests. Yalcin and colleagues (2011) similarly reported 

that anxiety-like behaviors develop 6–8 weeks post injury (Yalcin et al., 2011). These data 

suggest that it is the chronicity of the TIC injury model that promotes the development of 

the “pain affect;” another facet similar to patients suffering from chronic pain.

Wall & Melzack (1999) described chronic pain as having two main features: “pain 

sensation” and the “pain affect” which incorporates the emotional distress that patients 

undergo due to pain (Wall and Melzack, 1999). The “pain affect” has also been described as 

the squeal of other physical and psychological disorders such as anxiety and depression 

(McWilliams et al., 2003, McWilliams et al., 2004, Maletic and Raison, 2009, Dellarole et 

al., 2014). These comorbidities have been so prevalent that approximately half of all patients 

suffering from chronic pain are also described as suffered from anxiety and depression 

(Asmundson and Katz, 2009, Asmundson and Taylor, 2009, Robinson et al., 2009, 

Macianskyte et al., 2011). The relationship between chronic pain, anxiety, and depression, is 

extremely complex with extensive overlap making it difficult to determine the cause and 

effect. This complex relationship is related to the numerous brain structures, such as the 

somatosensory cortex, prefrontal cortex, nucleus accumbens, insular cortex, anterior 

cingulate cortex, amygdala, hippocampus, thalamus, and cerebellum that become involved 

in pain perception which are also highlighted as major players in affective states, including 

depression, anxiety, and fear (Averill et al., 1996, Fishbain, 1999b, Apkarian, 2004, 

Apkarian et al., 2004a, Apkarian et al., 2004b, Becerra et al., 2006, Robinson et al., 2009, 

Dellarole et al., 2014). Thus, these studies validate the TIC injury as a representative model 

for future testing of chronic facial pain- and anxiety-related behaviors, as well as for testing 

pain and anxiolytic pharmaceutical agents, such as SSRIs, with potential to alleviate pain 
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and comorbid psychological conditions. The model is particularly well suited for long-term, 

two week to three month treatments required for preclinical drug trials meeting Federal Food 

and Drug Administration standards (http://www.fda.gov/Drugs/

DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/

ApprovalApplications/InvestigationalNewDrugINDApplication/ucm176522.htm 

03/19/2015).

Several limitations existed for the present study. First, all of our animals were male C57Bl/6 

mice. C57Bl/6 mice were chosen for their moderate levels of anxiety-like behavior 

((Belzung, 2001, Belzung and Griebel, 2001, Kulesskaya et al., 2014, Kulesskaya and 

Voikar, 2014) In order to collect more consistent results, no females or other strains were 

tested in this study. However, future studies should be conducted to observe the behavior of 

different species or gender of mice with TIC injury since facial neuropathic pain in humans 

occurs preferentially in females (Rauhala et al., 2000, Macfarlane et al., 2001, Macfarlane et 

al., 2002). Secondly, the plus maze could only be administered once. The light/dark 

preference and open field tests were conducted four weeks apart in weeks 1, 4, and 8 post 

injury allowing determination of the development of anxiety-like behavior. This was done to 

prevent over-testing of the animals since testing minimally at 3 week intervals is 

recommended (Walf and Frye, 2007). Thirdly, although anxiety-like behavior was observed 

in mice with TIC injury, we did not conduct any traditional operant depressive tests such as 

forced swimming test, tail suspension test, sucrose consumption or sucrose splash tests 

(Wang et al., 2012, Zhang et al., 2012a). Future studies can be conducted that observe 

depressive-like behavior using forced swimming and tail suspension tests which subject the 

animals to a perceived life threatening, stressful environment ((Borsini and Meli, 1988, 

Sakakibara et al., 2005). Likewise, the sucrose consumption test would be another measure 

of depression in the mice with TIC injury as well as indication of their reward-seeking 

behavior (Wyvell and Berridge, 2000, Wang et al., 2012). Future studies could be conducted 

with these considerations in mind.

5. Conclusion

In summary, the TIC injury model is a robust, reliable, and reproducible translational 

relevant chronic trigeminal pain model mimicking the clinical injury due to its reliability, 

efficacy and persistence that can be used to study the course of chronic facial pain. This will 

help not only to identify certain molecular targets and signaling cascades that generate 

chronic pain, but also to define differences between trigeminal nerve related facial pain 

versus spinal nerve injury related pain. Since the TIC injury model has been developed in 

mice, gene therapies and specific gene knock-outs can be used to target particular cytokines, 

proteins, and receptors in hopes of revealing underlying mechanisms that influence 

trigeminal pain. Furthermore, since this model induces anxiety-like behaviors by week 8, it 

is a useful model to study pharmaceutical agents that perhaps can alleviate not only pain, but 

also the anxiety related to pain.
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Highlights

• TIC injury in mice induces mechanical allodynia and cold hypersensitivity

• TIC injury induces anxiety-like behaviors in mice 8 weeks after injury

• When exposed to an acoustic startle stimulation, mice with TIC injury exhibit 

stress-induced analgesic behaviors.
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Figure 1. TIC injury induced mechanical and cold allodynia
Mice with TIC injury were tested for mechanical allodynia on the whisker pad and thermal 

hypersensitivity in the V2 area behind the whisker pad (A). The ipsilateral whisker pad 

mechanical threshold of the mice with TIC injury was significantly decrease compared to 

that of the contralateral side and the sham and naïve mice within the first week post injury. 

The decreased threshold persisted until euthanasia at 21weeks post injury (B). The receptive 

field pattern variations are shown in (C). It should be noted that 100% of the mice receiving 

the TIC surgery develop allodynia. Mice with TIC injury are hypersensitive to cold but not 

warm temperatures (D). n= 7–10; Two way ANOVA, Fisher post hoc test ****p<0.0001; 

One way ANOVA, Tukey post hoc ***p<0.001.
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Figure 2. Mice with TIC injury showed anxiety-like behavior in the light-dark box
Mice with TIC injury spent significantly less time in the light side of the light-dark box at 

post injury week 8 compared with that of the sham animals (A). Mice with TIC injury 

showed a decreased number of rearing events at post injury week 8 compared to the sham 

mice (B). Behavioral baselines for naïve animals are indicated by the dotted line; n= 8–21, 
Two way ANOVA Fisher post hoc test **p<0.01,*p<0.05.
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Figure 3. Acoustic Disturbance Provides Susceptibility to Anxiety-like Behavior in Mice with 
TIC Injury in the Elevated Plus Maze
No anxiety-like behaviors were observed in any of the groups tested in the plus maze in a 

quiet environment (NS). After acoustic startle (ST), testing separate groups determined mice 

with TIC injury spent significantly more time in the open arms (A) compared to sham or 

non-startled mice with TIC injury. Mice with TIC injury had significantly more transitions 

into the open arms as compared to the non-startled mice with TIC injury or sham group (B). 

Head dips into the open arms were significantly increased in the sham group after startle, but 

were not significantly different in other groups (C). n= 7–8, Comparison of non-startle (NS) 

vs startle (ST) group means for each conditions with t- test ***p<0.001, **p<0.01,*p<0.05.
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Figure 4. Mice Displayed Less Exploratory Activity in Open Field Testing
Mice with TIC injury had significantly fewer rearing events and rearing time compared to 

sham mice in post injury week 8 (A&B). Mice with TIC injury had significantly less active 

time and increased resting time in post-op week 8 compared to sham mice (C&D). Mice 

with TIC traveled less overall distance in post-op week 8 compared to sham mice (E). There 

were no significant differences for the number of beam breaks (F) or time in central (G) vs. 

peripheral (H) maze space. n=8–19, Two-way ANOVA, Fisher post hoc test, 

**p<0.01,*p<0.05.
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