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Abstract

Post-traumatic morbidity reduces the quality of life for traumatic brain injury (TBI) survivors by altering neu-
ropsychological function. After midline fluid percussion injury (FPI), diffuse pathology in the ventral posterior
thalamus suggests that somatosensory whisker function may be impaired post-injury. The goals of the present
study were to design and validate a task to detect injury-induced somatosensory morbidity (Experiment 1), and
to evaluate preliminary applications of the task (Experiment 2). In Experiment 1, male Sprague-Dawley rats were
subjected to moderate FPI (*1.9 atm) or sham injury. Over an 8-week time course, the whiskers on both
mystacial pads were stimulated manually with an applicator stick in an open field for three 5-min periods.
Behavioral responses in this whisker nuisance task were recorded using objective criteria (max score¼ 16). Sham
animals were ambivalent or soothed by whisker stimulation (4.0� 0.8), whereas brain-injured rats showed
aggravated responses at 1 week (6.7� 0.9), which became significant at 4 weeks (9.5� 0.5) and 8 weeks
(8.4� 1.1) compared to sham injury, indicating chronic injury-induced sensory sensitivity. Total free serum
corticosterone levels indicated a significant stress response in brain-injured (125.0� 17.7 ng=mL), but not un-
injured animals (74.2� 12.2 ng=mL) in response to whisker stimulation. In Experiment 2, to evaluate applications
of the whisker nuisance task, four additional uninjured and brain-injured groups were subjected to mild brain
injury only, shaved whiskers after moderate brain injury, repeated whisker nuisance task stimulation after
moderate brain injury, or regular opportunities for tactile exploration of an enriched environment after moderate
brain injury over 4 weeks post-injury. The whisker nuisance task has the sensitivity to detect mild brain injury
(7.7� 1.0), but morbidity was not mitigated by any of the neurorehabilitative interventions. Following diffuse
brain injury, the whisker nuisance task is a promising tool to detect post-traumatic morbidity and the efficacy of
therapeutic interventions that may restore discrete circuit function in brain-injured patients.
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Introduction

Each year, the majority of the 1.4 million Americans
who sustain a traumatic brain injury (TBI) survive (Lan-

glois et al., 2004). Diffuse, and especially mild, brain injury
constitutes a majority (over 80%) of all human TBIs that result
from acceleration-deceleration forces, such as those typically
associated with motor vehicle accidents, auto-pedestrian
contact, and falls (Langlois et al., 2004). Individuals with
diffuse TBI may not receive medical care at the time of the
injury, but days, weeks, or even months later may begin to
articulate transient and mild to ongoing and debilitating post-
traumatic morbidity, as acute functional deficits subside

(Langlois et al., 2004; McAllister, 1992; Shaw, 2002). Post-
traumatic morbidity is the long-term behavioral and psy-
chological consequence of injury-related pathological
processes that impair brain circuit activation and function.
Morbidities are grouped together in post-concussion syn-
drome symptoms, which include problems with cognition
(concentration, memory, and reasoning), sensory processing
(light and sound), communication (expression and under-
standing), and behavior or mental health (depression, anxiety,
personality changes, aggression, impulsivity, irritability, and
mood swings) (McAllister, 1992; Shaw, 2002). The prevalence
of post-traumatic morbidity ranges from 20–50% (McAllister,
1992). These accumulating morbidities reduce quality of life
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for TBI survivors. To date, post-traumatic morbidity in ani-
mals has been far less obvious or enduring.

Historically, laboratory examinations have focused on
post-traumatic deficits that demonstrate early onset and de-
layed resolution (Fujimoto et al., 2004). Examples include
neuromotor (McIntosh et al., 1989), balance (Hamm, 2001),
and even learning (Lifshitz et al., 2007b). These deficits have
been associated with injury-induced neuropathology and
thereby promoted neuroprotective strategies. This study de-
scribes a late-onset, persistent sensory morbidity involving
the facial whiskers after diffuse brain injury.

Rodents use their mystacial (facial) whiskers to navigate
their environment by locating and identifying objects (posi-
tion, size, texture, and shape) through tactile whisking (Brecht
et al., 1997; Carvell and Simons, 1990; Guic-Robles et al., 1989).
In the whisker system (Bernardo and Woolsey, 1987; Woolsey
and Van der, 1970), whisker deflection drives mechanore-
ceptors on sensory axons of trigeminal ganglion neurons,
which project to the brainstem trigeminal complex (Hender-
son and Jacquin, 1995). The whisker-barrel circuit incorpo-
rates topographic projections to the ventral posterior medial
thalamus and primary somatosensory barrel cortex (Chmie-
lowska et al., 1989; Land et al., 1995; Woolsey and Van der,
1970). This circuit is equally susceptible to the vascular, neu-
ronal, glial, and axonal injuries associated with diffuse brain
injury. Axotomy, neuronal atrophy, and chronic neuroin-
flammation in the ventral posterior medial thalamus predicts
functional deficits associated with sensory stimulation of the
whiskers (Kelley et al., 2006, 2007; Lifshitz et al., 2007a). In the
absence of acute neuronal death or eventual reduction in
number (Lifshitz et al., 2007a; Singleton et al., 2002), circuit
disruption, rather than circuit destruction, may ensue and
mediate functional impairments. Circuit disruption and con-
sequent neuroplastic responses may establish new maladap-
tive connections over time (Christman et al., 1997; Hulsebosch
et al., 1998; Povlishock et al., 1992), from which injury-
induced morbidity emerges.

Experimental manipulations of rodent whiskers influence
animal exploratory and initiation behavior (Dyck, 2004), but
in the context of diffuse brain injury, the neural circuitry itself
would be disrupted, rather than the whiskers. Although not
examined in diffuse TBI, focal brain injury results in chronic
attenuated metabolic activation by whisker stimulation
(Dietrich et al., 1994; Dunn-Meynell and Levin, 1995; Passi-
neau et al., 2000), and marked regenerative responses (Emery
et al., 2000). Brain injury also produces a chronic somatomotor
deficit in tasks in which rats remove tape from the vibrissae or
forepaws (Dunn-Meynell and Levin, 1995; Riess et al., 2001).
Injury-induced pathology within this circuit is highlighted by
the differences in motor cortex stimulation intensity required
to produce a visually detected vibrissa response (Ip et al.,
2003). The whisker-barrel circuit affords discrete cytological
landmarks, large representation, and direct access to circuit
activation, which leave it susceptible to injury and make it
optimal for investigation.

In this study we explore the hypothesis that the somato-
sensory whisker circuit can be exploited to develop and val-
idate a task to detect injury-induced behavioral morbidity in a
rat model of moderate diffuse TBI (Experiment 1). Further, the
task can be applied to evaluate injury severity and neuror-
ehabilitative interventions targeted at sensory input through
the facial whiskers to mitigate morbidity (Experiment 2). The

whisker nuisance task is presented to detect injury-induced
sensory sensitivity in diffuse brain-injured rats.

Methods

Midline fluid percussion brain injury

Adult male Sprague-Dawley rats (350–375 g) were sub-
jected to midline fluid percussion injury (FPI) consistent with
methods described previously (Hosseini and Lifshitz, 2009;
Lifshitz et al., 2007a; Lifshitz, 2008). Final animal numbers are
indicated in the results section for each study. Briefly, the rats
were anesthetized with 5% isoflurane in 100% oxygen and
maintained at 2% via nose cone. During surgery, body tem-
perature was maintained with a Deltaphase� isothermal
heating pad (Braintree Scientific Inc., Braintree, MA). With the
head held in position with a head holder assembly (Kopf In-
struments, Tujunga, CA), a midline scalp incision exposed the
skull. A 4.8-mm circular craniotomy was performed (centered
on the sagittal suture midway between the bregma and the
lambda), without disrupting the underlying dura or superior
sagittal sinus. An injury hub was fabricated from the female
portion of a Luer-Lock needle hub, which was cut, beveled,
and scored to fit within the craniotomy. A skull screw was
secured in a 1-mm hand-drilled hole into the right frontal
bone. The injury hub was affixed over the craniotomy using
cyanoacrylate gel and methyl-methacrylate (Hygenic Corp.,
Akron, OH) was applied around the injury hub and screw.
The incision was sutured at the anterior and posterior edges
and topical lidocaine ointment was applied. Then the animals
were returned to a warmed holding cage and monitored until
ambulatory (approximately 60–90 min).

For injury induction, the animals were re-anesthetized with
5% isoflurane 60–90 min after surgery to standardize anes-
thesia levels at the time of injury. The dura was inspected
through the injury-hub assembly, which was then filled with
normal saline and attached to the male end of the fluid per-
cussion device (Custom Design and Fabrication, Virginia
Commonwealth University, Richmond, VA). As reflexive re-
sponses returned, an injury of moderate (1.9–2.0 atm) or mild
severity (1.1–1.2 atm) was administered by releasing the
pendulum onto the fluid-filled cylinder. The animals were
monitored for the presence of a forearm fencing response and
the return of the righting reflex as indicators of injury severity
(Hosseini and Lifshitz, 2009). Sham animals were connected
to the FPI device, but the pendulum was not released. The
injury-hub assembly was removed en bloc, integrity of the
dura was observed, bleeding was controlled with Gelfoam
(Pharmacia, Kalamazoo, MI), and the incision was stapled
closed. Moderate brain-injured animals had righting reflex
recovery times >6 min, mild-injured animals had righting
reflex times between 2 and 4 minutes, and sham-injured ani-
mals recovered within 15 sec. After recovery of the righting
reflex, the animals were placed in a warmed holding cage
before being returned to the vivarium. Surgical recovery was
monitored postoperatively for 3 days, for which no overt
differences (e.g., weight, coat, movement, and grooming)
were observed between the animal groups. Sutures were re-
moved 7–10 days post-injury as needed. The experiments
were conducted in accordance with National Institutes of
Health and institutional guidelines concerning the care and
use of laboratory animals. Adequate measures were taken to
minimize pain or discomfort.
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Experiment 1: Design and validation
of the whisker nuisance task

Behavioral responses to whisker stimulation are observed
during the whisker nuisance task. At 1, 4, or 8 weeks after
moderate midline fluid percussion brain or sham injury, the
rats were acclimated for 5 min to a plastic test cage
(57.1�39.4�15.2 cm) lined with an absorbent pad (Fig. 1). The
whiskers of both mystacial pads were manually stimulated
with a wooden applicator stick for three consecutive 5-min
periods (15 min total). Between periods (approximately
30 sec), stimulation is absent while behavioral observations
are recorded for the previous 5-minute period of whisker
stimulation. Behavioral testing was conducted at the same
time of day for all animals by one or more observers who were
blinded to injury status. All behavioral sessions were video-
taped for archival storage.

Based on preliminary observations, scoring criteria in eight
categories were developed (Table 1). The predominant be-
havioral responses were recorded for freezing, stance and
body position, breathing, whisker position, whisking re-
sponse, evasiveness, response to stick presentation, and
grooming, on 0–2 point non-parametric scales (0¼ absent,
1¼present, and 2¼profound). Normal behavioral responses
to stimulation were assigned a zero value, whereas mean-
ingful abnormal behavioral responses were assigned a value
of 2. The maximum whisker nuisance score is 16. High scores
(8–16) indicate abnormal responses to the stimulation, in
which the rat freezes, becomes agitated or is aggressive. Low
scores (0–4) indicate normal responses, in which the rat is
either soothed or indifferent to the stimulation. The average of
the total whisker nuisance scores for each animal was incor-
porated into a Kruskal-Wallis non-parametric analysis of
variance (ANOVA) to determine changes in comparison to

sham animals, followed by a Dunn’s multiple comparison
post-test with Bonferroni correction ( p< 0.05 was considered
significant).

Experiment 2: Applications of the whisker
nuisance task

At 4 weeks post-injury, mild brain-injured animals were
evaluated by the whisker nuisance task to determine the in-
jury severity dependence of the task.

Separate groups of animals had their whiskers shaved
immediately after sham or moderate brain injury to minimize
somatosensory circuit activation. The whiskers were shaved
every 3–4 days until 22 days post-injury to allow the whisker
nuisance task to be conducted.

In separate uninjured and moderate brain-injured animals,
the somatosensory circuit was repeatedly activated by con-
ducting the whisker nuisance task 15 min a day, three times
per week for 3 weeks post-injury (nine total sessions). This
neurorehabilitation paradigm reproduces an outpatient
physical therapy program, since the diffuse brain-injured rats
are mobile, feeding, and grooming.

A group of sham and moderate brain-injured animals were
exposed to an enriched environment to enable voluntary
whisker stimulation during tactile exploration. To follow an
outpatient physical therapy paradigm, the animals were
placed in the enriched environment for 45 min, three times per
week for 3 weeks, beginning 1 week post-injury (nine total
sessions). Enriched environments include fresh bedding and a
unique set and arrangement of enrichment objects (e.g.,
plastic igloos, tubes, and gnaw bones) in an oversized plastic
cage.

All animals were evaluated using the whisker nuisance
task at 4 weeks post-injury. Whisker nuisance scores were

FIG. 1. Photograph of a diffuse brain-injured rat in the whisker nuisance task. Whisker stimulation is conducted by
manually deflecting the whiskers on both sides of the face with a wooden applicator stick for 15 min while the animal
explores an open test cage. Behavioral performance is scored using the criteria described in the text and Table 1.
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incorporated into a Kruskal-Wallis non-parametric ANOVA
to determine changes between group (sham versus injury),
and therapy (rehabilitation versus none), followed by a
Dunn’s multiple comparison post-test ( p< 0.05 considered
significant).

Corticosterone assay

Fifteen minutes after the whisker nuisance task, the animals
were euthanized by an overdose of sodium pentobarbital
(150 mg=kg IP), and then a cardiac blood sample was col-
lected. Separate groups of animals were not exposed to the
whisker nuisance task prior to blood collection. Blood collec-
tion occurred during the middle of the dark phase (10:00 am–
2:00 pm). Histopathology is not presented in this report. The
blood samples were centrifuged (3000g for 10 min) and the
serum was stored at �208C. A commercially available com-
petitive immunoassay was conducted according to the man-
ufacturer’s protocol for the quantitative determination of
corticosterone (no. 900-097; Assay Designs, Inc. Ann Arbor,
MI). The kit uses an anti-corticosterone polyclonal antibody to
bind standards and samples. The enzyme reaction generates a
yellow color that is inversely proportional to the corticoste-
rone concentration and is read on a microplate reader
(405 nm). All samples were diluted 1:5 (80%) in order to stay
within the sensitivity of the assay (32–20,000 pg=mL). Statis-
tically significant differences were analyzed by two-way
ANOVA (injury�whisker nuisance), followed by a least sig-
nificant difference planned comparison post-test with p< 0.05.

Results

Experiment 1: Development of the whisker
nuisance task

At 1-week (n¼ 10), 4-week (n¼ 17), and 8-week (n¼ 7) time
points after moderate diffuse brain injury or sham injury
(n¼ 9), the whiskers on both mystacial pads were stimulated
with an applicator stick in an open field to evaluate sensory
sensitivity. The behavioral responses during the whisker
nuisance task, as described here, were quantified by a blinded
observer using categorical, objective criteria (Table 1). Sham
animals were either ambivalent to or soothed by whisker
stimulation. In chronic diffuse brain-injured animals, whisker
stimulation resulted in an agitated response, indicated by
huddled posture, forced breathing, fear-like freezing, and
exploratory escape behavior. The whisker nuisance score
combines behavioral observations made across eight cate-
gories, for which lower numbers indicate observations typical
of uninjured animals. The whisker nuisance task has the
sensitivity to detect significant injury-induced behavioral
morbidity in moderate brain-injured animals at 4–8 weeks
post-injury, compared to sham animals (KW (3,43)¼ 22.42;
p¼ 0.0001; Fig. 2A). At 1 week after moderate injury, whisker
nuisance scores are above sham values ( p¼ 0.055), and sig-
nificantly lower than scores at 4 weeks post-injury ( p¼ 0.027;
Fig. 2A).

In re-viewing videotape of the whisker nuisance task, the
movement-related and abnormal breathing behaviors serve
as the first signs of nuisance. Meaningful expression of these

Table 1. Observed Behavioral Criteria Used To Generate the Whisker Nuisance Score

P1 P2 P3

Freezing
Walking around, exhibits curious behavior 0 0 0
Slow or stationary, limited curiosity, cautious 1 1 1
Freezing, defensive, and fearful 2 2 2

Stance and body position
Relaxed, looking skyward, forepaws under body 0 0 0
Cowering, guarded, grounded forepaws 2 2 2

Breathing
Normal range 0 0 0
Forced, gasping 2 2 2

Whisker position
Fully protracted (both sides) 0 0 0
Protraction and retraction 1 1 1
Fully retracted (both sides) 2 2 2

Whisking response
Standard whisking, normal movement 0 0 0
Tremors, twitching 1 1 1
None, stopped 2 2 2

Evading stimulation
No evasive behavior 0 0 0
Escape behavior or directed movement to avoid=protect whiskers 2 2 2

Response to stick presentation
Ambivalence or curiosity about stick 0 0 0
Avoiding and anxiety or biting and attacking or freezing 2 2 2

Grooming
No, minimal, or normal grooming 0 0 0
Irritated scratching=rubbing=pulling 2 2 2

P1, P2, P3 refer to periods 1–3, each lasting 5 min. Normal behavioral responses to whisker stimulation are assigned a value of zero;
abnormal responses were assigned a value of 2. A separate whisker nuisance score is obtained for each period and averaged for a single
animal. The maximum score is 16.
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aberrant responses emerges within 2 min after whisker stim-
ulation begins.

Analysis of behavioral performance over the three testing
periods and over time post-injury indicates no habituation in
task performance. Between the first and second period
(Fig. 2B), whisker nuisance scores showed a small but sig-
nificant increase across all groups (Friedman ANOVA, w2

(2,42)¼ 6.92, p< 0.03). For individual brain-injured animals
repeatedly evaluated at 1 and 4 weeks or 4 and 8 weeks post-
injury (Fig. 2C), performance in the whisker nuisance task
remained stable, suggesting that structural reorganization
may mediate the responses to whisker stimulation.

The whisker nuisance score is a composite across eight
behavioral categories. A component analysis was conducted
to determine if the principal findings were driven by perfor-
mance in a single category. Scores for individual categories
were subtracted from the whisker nuisance score and statis-
tical significance was re-evaluated. Removing ‘‘response to
stick,’’ ‘‘grooming,’’ or ‘‘whisker position’’ from the whisker
nuisance score decreases the task’s ability to detect a differ-
ence between sham and brain-injured rats ( p values decrease
by 0.0003). Removing ‘‘freezing,’’ ‘‘stance and body position,’’
or ‘‘whisker response’’ from the whisker nuisance score im-
proves the task’s ability to detect an injury-related difference
( p values increase by 0.00004). However, these small changes
in the significance level indicate that no single component
drives the whisker nuisance score.

To demonstrate the objectivity of the scoring criteria, a
subset of animals were scored in the whisker nuisance task
simultaneously by two observers (A.M.L. and K.C.S.M.). The
linear regression between the scores was significant
(r2¼ 0.349; p< 0.05), with an equal number of scores above
and below a line of equality (Fig. 3).

Based on the variance in the data, the study achieved 100%
power to detect a 3-point difference between sham and brain-
injury at 4 weeks post-injury, with a significance level (alpha)
of 0.05 (two-tailed). A power analysis indicated that sample
sizes of 10 in each group had an 80% power to detect a 2-point
difference from sham animals, with a significance level of 0.05
(two-tailed using G*Power v3.0.1 software; Heinrich Heine
Universität, Düsseldorf, Germany; Faul et al., 2007). A 2-point
difference amounts to the meaningful expression of a single
behavioral observation (a score of 2 in one category), or the
emergence of two separate behavioral responses.

Behavioral responses to whisker stimulation indicate a
delayed onset (>1 week post-injury) and persistence through
8 weeks post-injury once behavioral morbidity emerges.
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FIG. 2. Time course of the whisker nuisance response in
diffuse brain-injured rats. (A) The whisker nuisance task can
detect injury-induced sensitivity to whisker stimulation up to
8 weeks after moderate, midline fluid percussion injury (FPI).
Uninjured sham control animals were soothed by the stim-
ulation (low scores). At 1 week after brain injury, the be-
havioral responses are not significantly different from sham
animals. By 4 weeks and through 8 weeks post-injury, brain-
injured rats responded to whisker stimulation by freezing,
guarding mystacial pads, or acting aggressive (higher
scores). At 4 weeks after injury, behavioral performance is
significantly different from the sham and 1-week post-injury
groups. The sensory sensitivity to whisker stimulation is
maintained through 8 weeks post-injury (mean� standard
error of the mean [SEM]; *p< 0.05 compared to sham ani-
mals; þp< 0.05 compared to 1 week post-FPI by Kruskal-
Wallis analysis of variance [ANOVA] and Mann-Whitney U
test). (B) Behavioral responses to whisker stimulation do not
habituate over the three consecutive testing periods (P1–P3;
mean� SEM). The observation of behaviors in additional
scoring categories contribute to the significant increase in the
whisker nuisance score between P1 and P2 (*p< 0.05 by
Friedman ANOVA). (C) Whisker nuisance persists once
morbidity manifests. A subset of brain-injured animals was
evaluated twice by the whisker nuisance task (the lines
represent individual animals). Whisker nuisance scores are
generally maintained over time. All animals shown here
were brain-injured.
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Exclusivity of sensory sensitivity to tactile
whisker stimulation

Widespread pathology in the diffusely-injured brain, par-
ticularly in sensory and motor pathways, could explain the
behavioral responses to whisker stimulation in brain-injured
animals. Therefore we evaluated behavioral responses to
whisker versus forepaw stimulation, and tactile stimulation
versus cold sensitivity, in moderate brain-injured and unin-
jured rats at 4 weeks post-injury. Tactile stimulation dis-
criminated brain-injured from uninjured rats (KW
(1,8)¼ 20.66; p¼ 0.002), without a distinction between whis-
ker and forepaw stimulation (KW (1,8)¼ 0.82; p< 0.4; data not
shown). Diffuse pathology in adjacent thalamic domains
(ventral posterior medial and lateral nuclei) likely explains
this concordance (Lifshitz et al., 2007a). Practically, the face
provides easier access for tactile stimulation. Initial attempts
to automate stimulation by oscillating magnetic fields in a
gaussian coil caused vibration, rather than deflection of the
whiskers (Melzer et al., 1985), did not elicit aberrant behav-
ioral responses. Similarly, whisker deflection is superior to
electrical stimulation to promote facial nerve recovery
(Skouras et al., 2009).

Behavioral responses in brain-injured animals could arise
from pain associated with trigeminal nerve injury. Allodynia
(hypersensitivity) in the whisker pad was evaluated by cold
(acetone) and pressure (von Frey filaments) stimuli (Choi
et al., 1994; Ren, 1999; Vos et al., 1994). Briefly, two drops of
acetone were applied to either the whisker pad or forepaw
using laboratory tubing (PE50) connected to a 1-cc syringe.
The rapid evaporation of the acetone results in a localized cold
stimulus that permits behavioral observations, including
shaking, lifting, evasion, licking, and whisking. Sham and

moderate brain-injured animals respond similarly to acetone
application pre-injury and at 4 weeks post-injury (data not
shown). Hypersensitivity to pressure was determined by
applying von Frey filaments of increasing thickness to the
whisker pad to elicit an aversive twitch, shake, or movement
at 3 weeks after sham or brain injury (Ren, 1999; Vos et al.,
1994). All animals progressed to the stiffest hair without
aversive responses, indicating an absence of peripheral nerve
pain and hypersensitivity to whisker pad pressure (data not
shown).

Anxiety appears to be a component of the whisker nuisance
behavior. A separate group of uninjured and moderate brain-
injured animals was evaluated in an open-field locomotor test
for 60 min, as previously described (Wooters and Bardo,
2009). During this undisturbed, extended observation period,
the amount of time spent in the periphery versus the center of
the arena was assessed. Brain-injured animals (n¼ 7–8) spent
less time in the arena’s center at 4 days post-injury, and more
time at 1 and 4 weeks compared to sham animals (n¼ 6; F
(3,25)¼ 1.55; p< 0.23; data not shown). The acute increase and
chronic decreases in open field exploration after diffuse TBI
are small and not statistically significant, and thus are likely
not meaningful differences from sham animals. More sensi-
tive and selective tasks would be warranted to explore post-
traumatic anxiety in the diffuse brain-injured rodent.

Experiment 2: Applications of the whisker
nuisance task

In the naı̈ve adult rodent, the somatosensory map dem-
onstrates use-dependent plasticity (Feldman and Brecht,
2005). The modulation of activity in the somatosensory
whisker circuit through sensory deprivation or stimulation
may influence the course of injury-induced structural chan-
ges, and thus the extent of post-traumatic behavioral deficits.

Chronic post-traumatic morbidity exists
regardless of injury severity

At 4 weeks after mild diffuse brain injury (7.7� 1.0; n¼ 13),
behavioral responses to whisker stimulation are significantly
different from sham animals (KW (2,39)¼ 16.29; p¼ 0.0003;
Fig. 4A). Whisker nuisance scores between mild and moder-
ate (n¼ 17) brain-injured animals at 4 weeks post-injury are
not statistically significantly different.

Preliminary whisker deprivation and stimulation
paradigms do not affect behavioral performance

The prominence of the mystacial whiskers on the rodent’s
face affords sensory deprivation or direct stimulation to re-
habilitate the circuit through activity-related plasticity. Using
the whisker nuisance task at 4 weeks post-injury as an out-
come, sham and moderate brain-injured rats were subjected
to preliminary rehabilitative paradigms involving repeated
whisker shaving (Fig. 4B), repeated involuntary manual
whisker stimulation (Fig. 4C), or tactile exploration of an en-
riched environment (Fig. 4D). All preliminary rehabilitative
paradigms were compared to no-therapy control animals
(Fig. 2A). All therapies resulted in a significant injury effect,
without specific effects of the therapy. Repeated shaving of all
whiskers for 3 weeks post-injury (n¼ 6 FPI and n¼ 7 sham)
non-significantly improves the outcome in brain-injured rats,
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FIG. 3. Inter-rater reliability of whisker nuisance scoring.
Independent scoring for 14 animals (6 sham, open circles; 8
FPI, closed circles) by two observers demonstrates an equal
number of scores above and below a line of equality (thick
black line). The linear regression is significant (r2¼ 0.349;
p< 0.05; FPI, fluid percussion injury).
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but worsens performance in uninjured rats (KW (3,39)¼ 19.59,
p¼ 0.0002). Repeated whisker stimulation (15 min three times
per week; n¼ 7 FPI and n¼ 3 sham) does not influence per-
formance in the whisker nuisance task in moderately brain-
injured animals (KW (3,36)¼ 19.05, p¼ 0.0003). Regular
exposure to an enriched environment containing foraging,
housing, and tube objects to promote tactile exploration
(45 min three times per week; n¼ 6 FPI and n¼ 4 sham) non-
significantly improves the outcome in brain-injured rats, but
worsens performance in uninjured rats (KW (3,36)¼ 15.66,
p¼ 0.0013). Following diffuse brain injury, the whisker nui-
sance task remains a promising tool to evaluate refinements in
rehabilitative therapies.

Corticosterone levels

Corticosterone is the major glucocorticoid linking the
hypothalamic-pituitary-adrenal axis, and it also serves in
multiple brain-behavior interactions. In the present context,
circulating corticosterone levels can indicate the physiological
stress associated with the presence or absence of whisker
stimulation prior to perfusion. Total corticosterone levels are
significantly affected by whisker stimulation in moderate
brain-injured rats (F (1,37)¼ 4.70, p¼ 0.037; Fig. 5). In the
absence of whisker stimulation (n¼ 9 FPI and n¼ 8 sham),
corticosterone levels are similar between uninjured (74.3�
10.3 ng=mL) and brain-injured animals (56.9� 12.5 ng=mL).
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FIG. 4. Applications of the whisker nuisance task. (A) At 4 weeks after mild fluid percussion injury (FPI; *1.1 atm), whisker
nuisance scores are significantly different from sham animals (*p< 0.05 by Kruskal-Wallis ANOVA and Mann-Whitney U
test), but not moderately-injured animals. (B) To minimize sensory stimulation post-injury, sham and moderate brain-injured
rats’ whiskers were shaved every 3–4 days until 22 days post-injury to allow whisker regrowth. The whisker nuisance scores
for sham rats whose whiskers were shaved were increased ( p¼ 0.10). For FPI rats, performance was unaffected. (C) Sham
and moderate brain-injured rats were subjected repeatedly to the whisker nuisance task (15 min per day, three times per
week) as a therapeutic intervention to alleviate post-traumatic morbidity. Whisker therapy may not mitigate post-traumatic
morbidity. (D) Sham and moderate brain-injured rats were placed individually in an enriched environment allowing them to
voluntarily stimulate their whiskers through tactile exploration for 45 min 3 days a week for 4 weeks. At 4 weeks, no
significant change in whisker nuisance scores was observed. The sham and 4-week post-moderate FPI without therapeutic
intervention data are copied from Figure 2 for comparison (all values are mean� standard error of the mean).
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FIG. 5. Total free serum corticosterone as measured by
enzyme immunoassay. Circulating stress hormone levels are
unchanged in non-stimulated brain-injured animals com-
pared to uninjured sham control at 4 weeks post-injury.
Corticosterone levels in sham animals are unaffected by the
whisker nuisance task. Exposure to the whisker nuisance
task significantly elevates serum corticosterone levels com-
pared to uninjured (*p< 0.05) and non-stimulated (þp< 0.05)
animals (mean� standard error of the mean; two-way anal-
ysis of variance and least significant difference planned
comparison post-test; FPI, fluid percussion injury).
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As predicted from the behavioral responses in uninjured
sham animals, corticosterone levels are not affected by whis-
ker stimulation (74.2� 12.2 ng=mL; n¼ 13). At 4 weeks after
diffuse brain injury, corticosterone levels in response to
whisker stimulation are elevated significantly, by 68%
(125.0� 17.7 ng=mL; n¼ 13) above the levels seen in unin-
jured sham animals that received similar whisker stimulation.
By comparison, corticosterone levels after whisker stimula-
tion in mild-injured animals were elevated non-significantly,
by 30% (96.6� 11.7 ng=mL) above the levels in uninjured
sham animals. These data indicate that whisker stimulation
evokes a physiological stress response in diffuse brain-injured
rats, which parallels the behavioral observations seen during
the whisker nuisance task.

Discussion

In the evaluation of diffuse brain injury, the whisker nui-
sance task is a promising tool to detect post-traumatic mor-
bidity and evaluate the efficacy of therapeutic interventions.
The whisker nuisance task can identify the onset and persis-
tence of post-traumatic sensory sensitivity in diffuse brain-
injured rats at 4–8 weeks post-injury. Similarly, morbidity
after experimental spinal cord injury, such as neuropathic
pain, develops over a 4- to 6-week time course from plasticity-
dependent processes (Nesic et al., 2005; Wang and Thompson,
2008). Analogous to the behavioral responses seen during the
whisker nuisance task, brain-injured survivors typically show
signs of agitation, particularly a heightened sensitivity to
sensory stimulation (Bohnen et al., 1991; Waddell and Gron-
wall, 1984). Our laboratory is exploring unregulated neuro-
plastic responses to diffuse injury as a potential biological
basis for the observed whisker nuisance behavior.

In midline fluid percussion, injury-induced histopathology
is uncomplicated by contusion, cavitation, or overt hemor-
rhage (McGinn et al., 2009; Povlishock and Katz, 2005), and
represents the majority of TBI cases, which are diffuse and of
mild to moderate severity. At the microscopic level, the pri-
mary forces of the injury cause traumatic axonal and vascular
injury (Farkas and Povlishock, 2007; Kelley et al., 2006; Pov-
lishock and Stone, 2001; Singleton et al., 2002). The consequent
axotomy, neuronal atrophy, and chronic neuroinflammation
without neuronal loss in the ventral posterior nucleus of the
thalamus indicate that neurological function involving the
whiskers may be susceptible to injury (Kelley et al., 2007;
Lifshitz et al., 2007a).

Nature of the chronic sensory sensitivity

Whisker stimulation in brain-injured animals shows late-
onset, robust, and persistent aberrant behavioral responses.
Neurobehavioral measures employed previously in experi-
mental TBI studies are typically early-onset, subtle, and
transient (Fujimoto et al., 2004; Hamm, 2001; Hogg et al., 1998;
Sanders et al., 2001), resembling post-traumatic deficits rather
than morbidity. Brain injury survivors exhibit similar sensory
hypersensitivity and agitation with sensory overload (Bohnen
et al., 1991; Waddell and Gronwall, 1984).

Eight behavioral components comprise the whisker nui-
sance score, and each component contributes to the overall
score. The breadth and scope of behavioral responses to
whisker stimulation vary between animals after brain injury,
but have been reliably observed to some extent in all brain-

injured rats. The high inter-rater reliability highlights the
simplicity of the scoring criteria, for which variability is re-
duced by averaging scores over three periods. Ultimately, the
whisker nuisance scores for sham and brain-injured rats do
not exhibit floor or ceiling effects, thereby permitting the de-
tection of both improvements and declines in post-traumatic
morbidity after mild or moderate injury.

The behavioral responses remain specific to tactile whisker
stimulation, since aberrant behaviors were not as evident or
profound with cold sensitivity, pressure, or forepaw stimu-
lation. Thus the behavioral responses likely arise from central
circuit reorganization, rather than injury to peripheral com-
ponents of the whisker circuitry (Ren, 1999).

The sensitivity to whisker stimulation remains below be-
havioral detection around 1 week post-injury, only emerging
by 4 weeks post-injury. Circuit reorganization after mechan-
ical injury that involves synaptic pruning, subsequent
sprouting, and the emergence of chronic pain likely begins
around 3 days post-injury, and evolves over weeks (Bothwell
et al., 2001; Nesic et al., 2005; Wang and Thompson, 2008).
Once circuits restructure, behavioral morbidity likely persists,
as demonstrated over testing periods and time post-injury,
without habituation or sensitization of behavioral perfor-
mance. Yet the delayed emergence indicates that underlying
cellular processes (likely structurally reorganizational in na-
ture) may be amenable to therapeutic intervention.

Behavioral responses indicate that whisker stimulation
may elicit anxiety in brain-injured animals. The open-field test
cage used for whisker stimulation is anxiety-inducing (Isaac
et al., 1989). However, the time spent in the center versus the
periphery during an open-field examination (without whisker
stimulation) does not differ between uninjured and brain-
injured animals. Yet the physiological response to whisker
stimulation is significantly enhanced in brain-injured animals,
as evidenced by elevated corticosterone levels. Stimulation-
induced rises in serum corticosterone could be interpreted as a
response to uncontrollable stress (Ordyan and Zhukov, 1998).
In this way, serum corticosterone levels may serve as an ob-
jective measure of whisker nuisance. Brain-injured patients
exhibited 55–103% increases in serum corticosterone when
challenged with adrenocorticotropic hormone years post-
injury (Kleindienst et al., 2009), which matched the acute
injury-induced rise in corticosterone.

Similarly to the neuromotor score for brain injury and the
Basso-Beattie-Bresnahan scale for spinal cord injury (Basso
et al., 1995; Fujimoto et al., 2004), the scoring criteria are
subjective and could benefit from more objective, quantitative
methodology, such as ultrasonic vocalization ( Jourdan et al.,
1995) or serum corticosterone. Task automation could im-
prove reliability and reproducibility. However, automated
mechanical whisker stimulation has only proven possible in
anesthetized animals (Gonzalez and Sharp, 1985), and elec-
tromagnetic whisker stimulation results in whisker vibration
rather than deflection (Melzer et al., 1985). In preliminary
observations, mice have proven too small and agile to man-
ually stimulate their whiskers. Parallel studies could examine
the motor control of whisking, since tactile exploration in-
volves sensorimotor feedback.

Injury-induced, aberrant responses to whisker stimulation
indicate an altered perception of sensory stimuli, possibly
derived from maladaptive circuits tapping into existing fear,
anxiety, or pain circuitry (Craig, 2002). Sensory information
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processing in the adult nervous system depends on identify-
ing the appropriate signals among the inherent noise (Faisal
et al., 2008). As noise and error accumulate in a diffusely-
injured neural circuit, information becomes more difficult to
extract, such that brain-injured animals become agitated
by the seemingly non-noxious whisker stimulation. In this
way, the morbidity elicited by the whisker nuisance task re-
sembles the agitation observed in overstimulated brain-in-
jured patients (Waddell and Gronwall, 1984), akin to sensory
gating failures in schizophrenia (Cromwell et al., 2008). The
defensive freezing (learned helplessness) response could be
interpreted as allodynia or neuropathic pain, in which nor-
mally innocuous stimuli produce subjective symptomatology
(Scholz and Woolf, 2007; Vierck and Light, 2000). Behavioral
morbidities may emerge as a consequence of global activation
and an inability to discern useful information from elevated
background noise, as has been demonstrated in sensory in-
tegration disorder, a component of autism spectrum disorder
(Iarocci and McDonald, 2006). It follows that discrete activa-
tion of other sensory, endogenous, or motor circuits may re-
sult in other post-traumatic morbidities. Less likely, diffuse
injury could fracture the sensory-motor integration necessary
for tactile exploration, which was not observed in animals
exposed to an enriched tactile environment. Restructured
circuits may underlie the behavioral responses to whisker
stimulation.

Initial neurorehabilitation paradigms may not mitigate
morbidity and adversely affect sham performance

The present neurorehabilitation strategies after moderate
diffuse TBI are a first step in a long process of incorporating
aspects of clinical care in the laboratory to determine the
necessary and sufficient components of therapeutic inter-
vention. For diffuse brain injury, rehabilitative and=or phar-
macological strategies, rather than surgical intervention,
remain the primary treatment options. Neurorehabilitation
strategies involving sensory deprivation and stimulation take
advantage of the activity-dependent plasticity in the so-
matosensory whisker system to alleviate the observed mor-
bidity (Frostig, 2006). Modulation of whisker barrel circuit
activity through sensory deprivation or stimulation was
initiated to affect the course of neurodegenerative and neu-
roplastic responses, and thus alleviate the nature of post-
traumatic behavioral deficits. Preliminary neurorehabilitative
interventions were designed with an intermittent, clinical
outpatient perspective, as observed with other chronic reha-
bilitative paradigms and outcome measures (Hamm et al.,
1996; Kline et al., 2007; Kozlowski et al., 2004). To this end, the
whiskers of brain-injured and uninjured rats were shaved to
prevent circuit activation, repeated activation during manual
stimulation, and use during tactile exploration of an enriched
environment.

The whisker nuisance task remains effective in mild
brain injury, but loses efficacy with massed whisker stimu-
lation and tactile exploration. Even in humans, rehabilitation
strategies can be met with adversity. Although post-injury
housing in an enriched environment improves some injury-
induced behavioral deficits (Hamm et al., 1996; Maegele et al.,
2005; Passineau et al., 2001; Wagner et al., 2002), but not all
(Kozlowski et al., 2004; Wagner et al., 2002), experimental
control of whisker stimulation becomes problematic. Yet

whisker circuit neuronal responses peak and attenuate within
an hour of exposure to an enriched environment (Bisler et al.,
2002), supporting an outpatient therapy paradigm. By com-
paring repeated whisker stimulation to voluntary stimula-
tion, the effects of the enriched environment become
dissociated from the whisker stimulation. Forced use para-
digms have been studied in CNS injury models to alleviate
forelimb motor and cognitive deficits (Kleim et al., 2003), but
may not translate to whisker somatosensation. The current
neurorehabilitation paradigms may suffer further from issues
regarding stress, motivation, and massed neurorehabilitation
sessions. Refinement of the rehabilitation strategy in combi-
nation with appropriate post-injury timing is necessary to
effectively intervene and alleviate morbidity. It is possible that
delayed rehabilitation strategies will mitigate post-traumatic
morbidity, as demonstrated with delayed access to voluntary
wheel-running therapy (Griesbach et al., 2007). Alternate re-
habilitation approaches could include the use of Elizabethan
collars to prevent grooming. Others have employed tactile
discrimination tasks with the sensitivity to detect somato-
sensory dysfunction (Krupa et al., 2004). However, post-
traumatic cognitive impairments (Hamm, 2001) would
interfere with the conduct of such tasks.

Structural basis for post-traumatic morbidity

TBI is a complex interwoven sequence of ionic and meta-
bolic events from which damaged cells can either recover or
degenerate and die. Diffuse brain injury results in synaptic
deafferentation followed by synaptic plasticity (Christman
et al., 1997; Emery et al., 2003; Povlishock et al., 1992;
Povlishock and Katz, 2005), similar to stroke (Carmichael et al.,
2001). The neuroplastic growth may be essential to re-establish
the trophic support provided by synaptic connectivity and
thereby ensure neuronal survival (Emery et al., 2003; Franklin
and Johnson, 1998; Gold et al., 1991). However, a by-product
of the recovery process would be circuit reorganization,
which has long been examined in the fields of peripheral
nerve injury, sensory plasticity, and memory consolidation
(Chklovskii et al., 2004; Jones, 2000).

Most, if not all, diffusely-injured brain regions likely mount
a regenerative response. Regenerative responses in the dif-
fusely-injured brain include frank regeneration, collateral
sprouting, and synaptic plasticity. However, in the absence of
regulated spatial and temporal guidance cues, regenerative
responses likely result in maladaptive restructuring of injured
circuits. Moreover, the diffusely-injured brain cannot rely on
redundant circuits to compensate for functional impairments.
Ultimately, the injury-induced reorganization in response to
diffuse brain injury may deplete the future capacity for sub-
sequent adaptive change (Kolb et al., 1998), thereby contrib-
uting to persistent post-traumatic morbidity. Therefore the
structural plasticity-dependent survival of the injured and
axotomized neurons can scramble the wiring diagram and
cause gain-of-function morbidity.

Conclusion

For the first time we report a robust, reproducible, and late-
onset neurological deficit that emerges after midline FPI that
can be used to identify cellular processes associated with post-
traumatic morbidity and recovery. We contend that circuit
restructuring is responsible for the observed morbidity and
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thereby provides likely therapeutic targets. Continued ex-
ploration of the whisker-barrel circuit may facilitate ad-
vancements in our understanding of post-traumatic
morbidity, and guide rational therapeutic strategies.
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