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Even in cases of spinal cord injury (SCI) where sensory percep-
tions do not arise from stimuli applied to below-level regions,
sensory input to the spinal cord, carried by spinal sensory
afferents, still occurs and influences the central and autonomic
nervous systems (CNS, ANS). This is true also of the vagal
system which provides non-spinal innervation of viscera below
many spinal cord injuries. It is therefore important to con-
sider (1) how the neurochemical, anatomical, and electrophys-
iological properties of these sensory neurons, and the pro-
cessing of the inputs by the CNS and ANS, is altered by
SCI, (2) whether and how they may play a role in patholo-
gies, and (3) how they may interact with treatment strategies.
This Research Topic addresses plasticity of sensory systems after
SCI, with a non-exclusive focus on systems below the level of
the injury.

POST-SCI AUTONOMIC DYSFUNCTIONS

The ANS controls systems below the level of consciousness and
this is often taken for granted until something goes awry. Those
living with SCI are acutely aware of the functions regulated, or
more often dysregulated, by the ANS. One of the most pressing
of these issues is autonomic dysreflexia (AD), a chronic and com-
mon hypertensive syndrome essentially unique to the high-level
SCI community. It rarely arises acutely after injury (Krassioukov
et al., 2003; Krassioukov, 2004), suggesting mechanisms beyond
just loss of spinal sympathetic outflow regulation by the brain,
and experimental evidence suggests that various forms of plas-
ticity in numerous cell-types may contribute (e.g., Taylor and
Schramm, 1987; Chau et al., 2000; Teasell et al., 2000; Rabchevsky,
2006; Schramm), 2006; Brown and Weaver, 2012). AD is generally
considered an episodic pathology with bouts initiated and main-
tained by a physiological trigger, and is treated symptomatically
and by finding and removing the stimulus. Continuing refine-
ments in our understanding and measurements suggest that the
severe clinical bouts that garner the most attention may be the
tip of the iceberg of a much more insipid and persistent condi-
tion (e.g., Claydon et al., 2006; Krassioukov and Claydon, 2006).
The most frequent triggers of AD appear to be noxious stimuli
below the injury level [anything from a full bladder, an impacted
bowel or a pressure ulcer to an ingrown toenail or simply having
new shoes tied too tightly (e.g., Krassioukov et al., 2009)], plac-
ing focus onto plasticity in nociceptive sensory neurons (Ramer
et al., 2012) for identifying potential mechanisms and treatments
(Rabchevsky et al., 2012), though fundamental questions remain
regarding the actual trigger in humans and experimental model
systems (Macefield et al., 2012).

Additional autonomic functions are served and mediated by
the vagal system, which is not directly impacted by experi-
mental SCI and most clinical SCI. This vital and widespread
system is nonetheless affected by SCI in terms of changes to
electrical and chemical properties of neurons and changes in
their connectivity (Kaddumi and Hubscher, 2007a,b; Holmes,
2012).

PAIN MECHANISMS AND TREATMENT

Chronic pain is not a consequence of SCI that is obvious to
the casual observer, yet it is one of the most common post-
SCI conditions and most impactful on the quality of life of
SCI individuals (e.g., Finnerup and Baastrup, 2012). There are
numerous mechanisms by which SCl-related pain can arise,
some of which we are only now identifying, yet these are still
poorly understood and there are few reliable treatments (e.g.,
Felix et al., 2007; Cruz-Almeida et al., 2009). The effect of SCI
on primary sensory neurons is an emerging topic of investiga-
tion (Huang et al., 2006; Shortland et al., 2006; Ramer et al.,
2012; Walters, 2012) as a possible mechanism of SCl-related
pain and other pathologies such as AD (e.g., Widerstrom-Noga
et al., 2004). New approaches to applying knowledge of noci-
ceptive mechanisms are also being tested as potential treat-
ments for SCI-related sensory pathologies (Gupta and Hubscher,
2012; Lee et al., 2012; Rabchevsky et al., 2012; Ramer et al.,
2012).

EFFECTS OF POST-SCI TRAINING
In addition to a variety of forms of maladaptive plasticity, the
spinal cord caudal to an injury which largely or completely sep-
arates it from the brain is capable of considerable and lasting
adaptive plasticity, particularly activity-dependent plasticity (e.g.,
Edgerton et al., 1992; Hodgson et al., 1994; De Leon et al., 1999;
Edgerton et al., 2001; Frigon and Rossignol, 2006), with some of
this plasticity involving the sensory neurons (e.g., De Leon et al.,
2001; Petruska et al., 2007). The spinal cord is capable of inter-
preting afferent input to learn a task and to counter perturbing
forces or avoid obstacles placed in the path of hindlimbs stepping
on a treadmill, and even retaining this information for a short
time without reinforcement (Zhong et al., 2012). This collective
work suggests that the spinal cord is capable of learning (see also
Ferguson et al., 2012a,b; Grau et al., 2012), and may be capable of
processes akin to formation of short- and long-term memory.
Generally the effects of training appear to be task-specific.
For example, when an SCI animal is trained to step on a
treadmill, this behavior improves, but the performance of other
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tasks, such as standing, does not improve (Edgerton et al., 1997;
De Leon etal., 1998, 1999). However, training does appear to have
effects on some processes outside of the trained task. In animal
models there are demonstrations of reduced spasticity (Bose et al.,
2012), and reduced nociception (\Wolpaw and Tennissen, 2001;
Hutchinson et al., 2004; Martin Ginis and Latimer, 2007; Herrity
etal., 2012).

More recently, principles identified from animal experi-
ments have been applied to human experiments and clinical
treatment with some success (Behrman et al., 2005; Barbeau
et al., 2006; Dobkin et al., 2006; Harkema, 2008; Edgerton
and Roy, 2009; Harkema et al., 2011). However, the field still
has much to discover in terms of the characteristics of spinal
plasticity, the necessary and sufficient influencing factors, as
well as certain measures of systems, molecular, and cellular
mechanisms that enable, facilitate, and inhibit such adaptive
plasticity.

MECHANISMS REGULATING SPINAL LEARNING

Research on post-SCI training focuses on optimizing functional
recovery and identifying relevant principles from the sensori-
motor integration perspective. Another approach has examined
the principles of learning that may be at play in the spinal cord
(Ferguson et al., 2012a,b; Grau et al., 2012), with important
concepts emerging about extrinsic factors interfering with suc-
cessful spinal learning (i.e., training). Given the relative success of
activity-based therapies in both animal and human experiments
and the significant effort and resources dedicated to optimizing
these approaches for clinical gain, we must also identify factors
that inhibit recovery (e.g., Caudle et al., 2011; Ferguson et al.,
2012a,b).

In this context it is intriguing that many clinical trials
have exclusion criteria related to conditions that would be
painful for spinal-intact individuals (bladder infection, pres-
sure ulcer, tissue damage, etc.). Common among front-line
therapists are anecdotes of discovering skin abrasions, tread-
mill harnesses pinching skin, bladder infections, and other
covert noxious conditions in patients whose training sessions
were unexpectedly going poorly. These anecdotes suggest
that the powerful influence of the spinal nociceptive sys-
tem on the spinal motor system known from animal work
is also at play in SCI patients/subjects. Unfortunately, these
accounts are not regularly included in data collection, limit-
ing assessments of the role of nociception in activity-dependent
therapies.

These concepts may be involved in other spinal processes.
For example, systems that are accustomed to a certain level
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INTRODUCTION

Spinal cord injury (SCI) triggers profound changes in visceral and somatic targets of sen-
sory neurons below the level of injury. Despite this, little is known about the influence of
injury to the spinal cord on sensory ganglia. One of the defining characteristics of sen-
sory neurons is the size of their cell body: for example, nociceptors are smaller in size
than mechanoreceptors or proprioceptors. In these experiments, we first used a compre-
hensive immunohistochemical approach to characterize the size distribution of sensory
neurons after high- and low-thoracic SCI. Male Wistar rats (300 g) received a spinal cord
transection (T3 or T10) or sham-injury. At 30 days post-injury, dorsal root ganglia (DRGs)
and spinal cords were harvested and analyzed immunohistochemically. In a wide survey of
primary afferents, only those expressing the capsaicin receptor (TRPV1) exhibited somal
hypertrophy after T3 SCI. Hypertrophy only occurred caudal to SCI and was pronounced in
ganglia far distal to SClI (i.e., in L4-S1 DRGs). Injury-induced hypertrophy was accompanied
by a small expansion of central territory in the lumbar spinal dorsal horn and by evidence of
TRPV1 upregulation. Importantly, hypertrophy of TRPV1-positive neurons was modest after
T10 SCI. Given the specific effects of T3 SCI on TRPV1-positive afferents, we hypothesized
that these afferents contribute to autonomic dysreflexia (AD). Rats with T3 SCI received
vehicle or capsaicin via intrathecal injection at 2 or 28 days post-SCl; at 30 days, AD was
assessed by recording intra-arterial blood pressure during colo-rectal distension (CRD). In
both groups of capsaicin-treated animals, the severity of AD was dramatically reduced.
While AD is multi-factorial in origin, TRPV1-positive afferents are clearly involved in AD
elicited by CRD. These findings implicate TRPV1-positive afferents in the initiation of AD
and suggest that TRPV1 may be a therapeutic target for amelioration or prevention of AD
after high SCI.

Keywords: capsaicin, colo-rectal distension, dorsal horn, dorsal root, dorsal root ganglion, high blood pressure,
hypertension, hypertrophy

Early classification of DRG neuronal subsets was based on

The original formulation of the neurotrophic hypothesis by Ham-
burger and Levi-Montalcini (1949) asserted that the survival of
neurons depends on cues produced in limiting amounts in target
tissues. The subsequent discovery of nerve growth factor (NGF)
as a survival factor for sympathetic and sensory neurons (Cohen
et al., 1954) not only validated this hypothesis, but also extended
the role of neurotrophic factors beyond developmental neuronal
survival: target-derived NGF and numerous other neurotrophic
molecules maintain the phenotype of neurons during adulthood.
This has been arguably best demonstrated in experiments on
primary afferent neurons of the dorsal root ganglion (DRG), a
heterogeneous population of neurons responsible for transmis-
sion of information from the periphery (somatic) and internal
milieu (visceral) to the spinal cord and brainstem.

cytoplasmic staining with standard histological techniques and
electrophysiological recording followed by dye-filling of neurons
(Willis and Coggeshall, 2004). These methods revealed “small
dark” neurons which have slowly conducting axons (correspond-
ing to thermoceptors and nociceptors, approximately 70% of all
neurons in the DRG), and “large light” cells with rapidly conduct-
ing fibers (30% of all DRG neurons, representing skin and mus-
cle mechanoreceptors). In terms of their neurochemistry, DRG
neurons are remarkably diverse, and much effort has gone into
establishing particular neurochemical phenotypes as functional
proxies (Willis and Coggeshall, 2004). Among the small dark cells,
for example, there are peptidergic and non-peptidergic subtypes,
which also happen to be sensitive to different neurotrophic fac-
tors (NGF, and glial cell line-derived neurotrophic factor, GDNF,
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respectively; Braz et al., 2005). Ascribing functional relevance to
this neurochemical distinction has proven difficult, in part because
both populations express transducers of thermal and noxious
stimuli: one example is the capsaicin-sensitive cation channel tran-
sient receptor potential vanilloid receptor (TRPV1), a remarkably
versatile receptor that is also activated by protons and noxious heat
(Caterina et al., 1997; Tominaga et al., 1998).

Dorsal root ganglia neurons undergo marked changes in neu-
ronal phenotype following their disconnection from their target
tissues by axotomy. Importantly, and in-line with the neurotrophic
hypothesis, these changes are mimicked by depletion of the rele-
vant factors in the absence of axotomy, and reversed by supplying
axotomized neurons with trophic support from exogenous sources
(Rich et al., 1984; Yip et al., 1984; Johnson and Yip, 1985; Wong
and Oblinger, 1991; Matheson et al., 1997; Bennett et al., 1998).
Uninjured DRG neurons undergo hypertrophy following in vivo
delivery of NGF or GDNF (Ramer et al., 2001, 2003). Likewise,
transgenic over-expression of NGF (Goodness et al., 1997) and
the GDNF family member artemin (Elitt et al., 2006) cause sensory
neuronal hypertrophy.

Spinal cord injury (SCI), while not disconnecting DRG neurons
from their peripheral targets, nevertheless has profound effects
on multiple tissues which might be expected to influence neu-
ronal phenotype. Among the most dramatic of these are skeletal
muscle atrophy, and in the lower urinary tract (LUT), detrusor
hypertrophy. In the latter case, increased NGF production by
the bladder has been correlated with hypertrophy of innervat-
ing DRG neurons (Yoshimura, 1999). For complete lesions above
T5/6, SCI is almost always accompanied by cardiovascular dis-
turbances including orthostatic hypotension (OH; a sudden fall
in blood pressure upon assuming an upright position) and auto-
nomic dysreflexia (AD; potentially life-threatening elevations in
blood pressure triggered by sensory stimulation below the injury;
Krassioukov and Claydon, 2006). There is increasing evidence that
blood vessels, a peripheral target of sensory as well as sympathetic
axons, also undergo SCI-induced alterations which may evoke
phenotypic changes in their innervating neurons (McLachlan and
Brock, 2006; Alan et al., 2010; Rummery et al., 2010; Al Dera et al.,
2011; Tripovic et al., 2011).

Here we took a systematic immunohistochemical approach to
studying one of the defining phenotypic features of sensory neu-
rons — soma size — in different populations of sensory neurons
after T3 SCI. We characterized hypertrophy in a specific subset
of nociceptors, those that are sensitive to capsaicin and artemin.
We examined the effect of rostro-caudal level and injury level; we
also examined the density of central projections of hypertrophied
neurons and the role of those neurons in AD. We hypothesized
that SCI would induce nociceptor hypertrophy and/or terminal
sprouting and that these effects would be more pronounced after
high-thoracic injury. After identifying a specific subset of sensory
neurons that responded to SCI, we hypothesized that these would
be involved in induction and/or development of AD.

MATERIALS AND METHODS
SPINAL CORD INJURY SURGERY
Complete transection of the spinal cord at the third (T3) or tenth
(T10) thoracic segments was performed in adult male Wistar

rats (250-350g, Charles River Laboratories, Inc., Wilmington,
Canada). T3 SCI promotes the development of cardiovascular dys-
function, including AD, while T10 SCI does not. Sham surgeries
were performed at T3 and were identical up to and including
durotomy, without transection of the cord.

Rats were housed in a secure conventional rodent facility, on a
12-h reversed light-dark cycle. The surgical procedures and post-
operative animal care have been described in detail (Ramsey et al.,
2010), but the essential steps are included here.

Animals received prophylactic enrofloxacin (Baytril; 10 mg/kg,
s.C., Associated Veterinary Purchasing; AVP, Langley, Canada)
for 3 days prior to SCI surgery. On the day of surgery, anes-
thesia was induced with ketamine hydrochloride (Vetalar®;
70 mg/kg, i.p., University of McGill Animal Resources Centre,
Montreal, Canada) and medetomidine hydrochloride (Domitor®;
0.5 mg/kg, i.p., AVP). Enrofloxacin (10 mg/kg, s.c.), buprenor-
phine (Temgesic®; 0.02 mg/kg, s.c., McGill University), and keto-
profen (Anafen®, 5mg/kg, s.c., AVP) were administered pre-
operatively.

After the skin at the surgical site was shaved, scrubbed, and
treated with iodine, the animal was placed in the prone posi-
tion. The spinal cord was exposed via a midline incision in the
skin and superficial muscles, and blunt dissection of the muscles
overlying the C8-T3 (T3 transection) or T8-T11 (T10 transec-
tion) vertebrae. At the T2-T3 intervertebral space or following
a small laminectomy at T9, connective tissues were removed,
the dura was opened and the spinal cord was completely tran-
sected with surgical scissors. Complete transection was verified
by the clear separation and retraction of the cut ends of the
cord, visualized under the surgical microscope. After hemosta-
sis was achieved, the muscle and skin were closed with contin-
uous, 4-0 Vicryl sutures, and interrupted 4-0 Prolene sutures,
respectively.

POST-OPERATIVE ANIMAL CARE

Animals received warmed Lactated Ringer’s solution (5 ml, s.c.)
and recovered in a temperature-controlled environment (Animal
Intensive Care Unit, HotSpot for Birds, Los Angeles, CA, USA).
Anesthesia was reversed with atipamezole hydrochloride (Anti-
sedan; 1 mg/kg, s.c., Novartis, Mississauga, Canada). Enrofloxacin
(10 mg/kg, s.c.), buprenorphine (0.02 mg/kg, s.c.), and ketoprofen
(5 mg/kg, s.c.) were administered once per day for 3 days following
SCL.

Home cages for animals with complete T3 SCI were fitted with
rubber matting (under woodchips, to facilitate movement), low-
reaching water bottles, and food scattered on the cage bottom
to encourage foraging (Ramsey et al., 2010). Animals were sup-
ported with an enriched diet, including meal replacement shake
(Ensure; Abbott, Saint-Laurent, Canada), nutritive transport gel
(Charles River), fruit, cereals, commercially available rat treats
and kibble (LabDiet, Rodent Diet 5001). The bladder was manu-
ally expressed three to four times daily until spontaneous bladder
function returned (about 10 days post-injury). Animal health was
formally monitored daily for the first 2 weeks after SCI and every
2 days thereafter, using objective criteria to assess body weight,
activitylevel, social behavior, healing at the surgery site, and clinical
signs of morbidity.
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SURVIVAL TIMES

Animals survived for 1 or 3 months after SCI. In our initial exper-
iments examining SCI-induced hypertrophy in the DRG (data
in Figures 1-3 and 5 ), T3 sham-, and spinal cord-injured ani-
mals survived for 3 months. In all subsequent experiments (data
in Figures 4 and 6-8), T3 and T10 sham and spinal cord-injured
animals survived for 1 month following surgery.

INTRATHECAL CAPSAICIN INJECTION

At 48 (early cap.) or 28 days (late cap.) after SCI, animals were
anesthetized with inhalant isoflurane (AErrane®, AVP; 5% induc-
tion, 2-3% maintenance). The skin overlying the lumbar enlarge-
ment of the spinal cord was shaved, scrubbed, and treated with
iodine. The lumbar enlargement was exposed via midline inci-
sion in the skin and superficial muscles, blunt dissection of deeper
muscles, and a midline laminectomy. Polyurethane tubing (PU,
3 French, Instech, Plymouth Meeting, USA) was introduced sub-
durally and 50 g of capsaicin (Sigma-Aldrich Inc., St. Louis, USA)
in 10 pul 50% dimethyl sulfoxide (DMSO; Sigma) was injected
intrathecally. Control animals received 50% DMSO only, at 28 days
after SCI. The muscle and skin were closed with sutures (4-0 Vicryl
and 4-0 Prolene, respectively).

CARDIOVASCULAR ASSESSMENT

Thirty days after SCI, a cannula (PU, 3 French, Instech) was
implanted into the left carotid artery in all animals for contin-
uous beat-to-beat blood pressure recording. Arterial cannulation
was performed under isoflurane anesthesia and the cannula was
tunneled subcutaneously to exit the skin dorsally, through small
incision at the base of the skull. The cannula was filled with a lock
solution of 1:10 heparin (Hepalean®, AVP) and 5% dextrose in
Lactated Ringer’s.

Two hours after carotid cannulation, the cannula was con-
nected to a fluid-filled pressure transducer (SP844, MEMScAP,
Norway). Animals were conscious and the cannula was long
enough to permit them to move freely in a cage during cardio-
vascular assessment. Beat-to-beat arterial pressure was monitored
using PowerLab and Chart™S5 for Windows (ADInstruments, Col-
orado Springs, USA). When blood pressure was stable (typically
5-10 min after connecting the cannula to the transducer), baseline
blood pressure was recorded over 5 min.

The severity of colo-rectal distension (CRD)-induced AD was
examined using a protocol that is well-established in our labora-
tory (Krassioukov and Weaver, 1995). A pediatric silicone balloon-
tipped catheter (10 French; Coloplast, Denmark) was inserted into
the rectum and secured to the tail. After stabilization of arter-
ial pressure, the colon was distended via inflation of 2 ml of air,
over 10s. Distension was maintained for 1 min; upon deflation of
the balloon, arterial pressure was allowed to recover over 10 min.
Blood pressure was recorded during two episodes of AD in each
animal, with a minimum of 10 min of recovery intervening.

TISSUE PROCESSING AND IMMUNOHISTOCHEMISTRY

Animals were euthanized with an overdose of chloral hydrate
(1g/kg, i.p.) and perfused through the heart with room tem-
perature phosphate-buffered saline (PBS) followed by cold 4%
paraformaldehyde (PF). Spinal segments and DRGs were removed,

post-fixed in 4% PF for 12h and cryoprotected in 20% sucrose
in 0.1 M phosphate buffer for >24h. Tissue was embedded
in Tissue Tek (Fisher Scientific, Ottawa, Canada), frozen over
liquid nitrogen, sectioned on a cryostat at 16 um (DRG) or
20pm (cord), thaw-mounted on to glass slides and stored at
—80°C.

For immunohistochemistry, slides were incubated in 10% nor-
mal donkey serum in PBS plus Triton X-100 (0.1%) for 20 min.
We used five antibodies to delineate different subsets of nocicep-
tors: these included antibodies raised against TRPV1 (Neuromics,
Edina, MN, USA; 1:2,000), the ionotropic ATP purinoceptor P2X3
(Millipore, Billerica, MA, USA; 1:1,000), Substance P (Neuromics,
1:1,000), the glycoprotein isolectin B4 (IB4; Neuromics; 1:2,000),
the glial cell line-derived neurotrophic factor family receptor o 3
(GFRa3; R&D Systems; 1:500). Subsets of non-nociceptive sen-
sory neurons were identified by expression of the vanilloid tran-
sient receptor potential vanilloid-2 (TRPV2; Abcam, Cambridge,
UK; 1:200), parvalbumin (Millipore, Etobicoke, Canada; 1:1,000),
stage-specific embryonic antigen-4 (SSEA-4; Stem Cell Tech-
nologies, Vancouver, Canada; 1:100), and heavy neurofilament
(NF200; Millipore, 1:500). Pan-neuronal markers — microtubule-
associated protein-2 (MAP-2; Abcam, 1:5:000) or B-III-tubulin
(Neuromics; 1:500) — were used to label all neuronal profiles in
the DRG.

All primary antibodies were applied in PBS plus Triton X
overnight. After three 15-min washes in PBS, secondary antibodies
raised in donkey and conjugated to Cy3 (Jackson ImmunoRe-
search, West Grove, USA), Alexa 488 (Invitrogen, Eugene, USA),
or AMCA (7-amino-4-methylcoumarin-3-acetic acid; Jackson
ImmunoResearch) were applied at 1:100-1:400, in PBS-Triton X
for 2 h. Epifluorescent images of DRGs were captured with an
Axioplan 2 microscope (Zeiss, Jena, Germany) with a digital cam-
era (Q Imaging, Burnaby, Canada) and Northern Eclipse software
(Empix Imaging, Inc., Mississauga, Canada). Confocal images of
TRPV1-positive axons in the spinal cord were captured on a spin-
ning disk confocal microscope (an inverted Zeiss AxioObserver
Z.1 equipped with an AxioCam CCD camera). All images for each
antigen used for quantitative analysis were captured at identical
imaging settings.

CARDIOVASCULAR DATA ANALYSIS

Systolic and diastolic blood pressures (SAP and DAP, mmHg)
were obtained from maxima (max) and minima (min) respec-
tively of beat-to-beat blood pressure recordings. Mean arterial
pressure (MAP) was calculated as 1/3max + 2/3min and heart
rate (HR, beats per minute, bpm) was calculated from inter-
beat interval. Prior to data analysis, raw beat-to-beat blood
pressure data were examined in the Chart view; false max/min
readings created by muscle spasm were manually eliminated
for each animal. Data were analyzed using SigmaPlot (SPSS
Inc., Ashburn, USA). In SigmaPlot, raw pressure and HR val-
ues were averaged over 1s, such that measurements represent
a 1-s average, not a single beat. For each animal, baseline car-
diovascular parameters represent the average of at least 3 min
of recording time. The CRD-evoked changes in SAP and HR
represent the average of two consecutive distensions for each
animal.

www.frontiersin.org

July 2012 | Volume 3 | Article 257 | 12


http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

Ramer et al.

TRPV1-positive sensory neurons after SCI

IMAGE ANALYSIS

All images were analyzed using SigmaScan Pro 5.0 (SPSS Inc.). For
analysis, L4 and L5 DRGs were pooled for each animal (denoted
as L4/L5 throughout) and L6 and S1 DRGs were pooled for each
animal (L6/S1 throughout). The size-frequency distributions of
sensory neurons in the DRG were determined using recursive
translation (Rose and Rohrlich, 1988), which converts neuronal
profiles in section to the cellular population from which they were
drawn (as described previously; Ramer et al., 2001). In five ran-
domly selected sections from each DRG, all neuronal profiles were
traced manually to create an artificial overlay. The average intensity
across the cell body and soma diameter of each neuronal profile
identified by the overlay was measured automatically; soma diam-
eter was defined as Feret diameter, the theoretical diameter of the
objectif it were circular in shape. For proportional frequency mea-
surements, the threshold intensity for expression was set manually
for each image. Size-frequency and intensity-frequency distribu-
tions were generated to examine SCI-induced shifts in afferent size
and TRPV1 signal intensity, respectively.

In the spinal cord, measurements of the distribution and inten-
sity of TRPV1-positive axons in the dorsal horn were taken from
tiled confocal projected z-stacks of the L4/L5 and L6/S1 dorsal
horn in cross section. Terminal density was measured as a func-
tion of depth at two sites in the dorsal horn (mid and medial) as
described previously (Ramer et al., 2001, 2004; MacDermid et al.,
2004; Scott et al., 2005). Images were passed through a Laplacian
omnidirectional edge-detection filter, which optimizes the signal-
to-noise ratio and corrects for variations in background staining.
Terminal profiles in filtered images were selected with a threshold
overlay. In order to give all immunopositive pixels equal weight
regardless of brightness, the threshold overlay was treated as a new
image. Density measurements for each animal represent average
density at each depth across five sections.

Density of TRPVI1-positive axons in the spinal parasym-
pathetic nucleus was measured from confocal images of the
L6/S1 dorsal gray commissure (DGC). These images were fil-
tered through horizontal and vertical Sobel edge-detection filters,
with the results added through image math prior to thresh-
olding. Density was measured in the spinal parasympathetic
nucleus by selecting an area of gray matter that was centered
on the midline, immediately ventral to the dorsal corticospinal
tract and rostral to the central canal. Density measurements
for each animal represent average density across three to five
sections.

STATISTICS

For cardiovascular data, baseline parameters and stimulus-evoked
changes were compared among groups using a one-way analy-
sis of variance (ANOVA). The Holm-Sidak Test was used for
pair-wise comparisons when significant differences were detected.
For size distribution data from the DRG, Kolmogorov—Smirnov
(K-S) goodness-of-fit tests were used to determine whether neu-
ronal cumulative size-frequency distributions differed between
groups (sham- versus spinal cord-injured). Proportions of neu-
rons labeled with each antigen were compared using Student’s
t-test. The K-S goodness-of-fit test was also used to detect inter-
group differences in cumulative intensity-frequency distributions

of TRPV 1-expressing cells in the DRG. Density of TRPV1-positive
terminals in the dorsal horn of sham- and spinal cord-injured
animals was compared using a one-way ANOVA on ranks, fol-
lowed by Dunn’s test to detect pair-wise differences. Density of
TRPV1-positive terminals in the DGC of sham-injured and SCI
rats was compared between groups using Student’s f-test. In
assessing the effects of early and late intrathecal capsaicin on
TRPV1 axons in the DGC, a one-way ANOVA was used. For
all physiological and anatomical analyses, group averages rep-
resent five to seven animals per group, results are expressed as
mean = standard error of the mean (SEM), image, and data analy-
ses were performed in a blinded fashion (using coded image
and data files) and P values less than 0.05 were considered
significant.

RESULTS

COMPLETE HIGH-THORACIC SPINAL CORD INJURY PROVOKED
HYPERTROPHY IN SENSORY NEURONS THAT EXPRESS THE CAPSAICIN
RECEPTOR

Neuronal phenotype, of which size is a defining characteristic,
is governed in large part by trophic influences of target tissues.
These undergo profound changes following SCI, including atro-
phy of skeletal muscle and bladder hypertrophy. Therefore, we
examined changes in the size distribution of all sensory neurons
in lumbosacral DRGs 3 months after T3 complete SCI. Neuronal
profiles in the L4/L5 DRG were labeled with neuron-specific §-I1I-
tubulin (Figure 1A) and size-frequency analysis was performed
following recursive translation (Figure 1B). There was a subtle
but statistically significant right-shift (i.e., hypertrophy) in the size
distribution of all sensory neurons in DRGs of animals with T3
SCL.

We next sought to determine which population(s) of sensory
neurons responded to T3 SCI. We began by examining subsets of
small-diameter sensory neurons in the L4/L5 DRG (Figure 2). Pep-
tidergic (NGF-sensitive) nociceptors were identified by expression
of Substance P (SP; Figure 2A), while non-peptidergic noci-
ceptors were identified by binding of the glycoprotein isolectin
B4 (IB4, from Bandeiraea simplicifolia) and the ionotropic ATP
purinoceptor P2X; (Figures 2B,C). At 3 months after T3 SCI, nei-
ther of these minimally overlapping populations of nociceptors
exhibited hypertrophy after T3 SCI, suggesting that sensory hyper-
trophy caudal to T3 SCI was selective to another subset of sensory
neurons.

In rats, TRPV1 expression occurs in subsets of both peptidergic
and non-peptidergic nociceptors (Tominaga et al., 1998). TRPV1
expression also defines a subpopulation of neurons which are nei-
ther P2X3-expressing/IB4-binding nor neuropeptide-expressing
(Michael and Priestley, 1999). When we examined the size dis-
tribution of TRPV1-positive neurons in the L4/L5 DRG, we found
a pronounced hypertrophy in DRGs from animals with T3 SCI
(Figure 2D). TRPV1-positive cells increased in size after SCI, but
their proportional frequency did not change (Figure 2D, inset).
Approximately 50% of TRPV1-positive sensory neurons also
express the artemin-specific glial cell line-derived neurotrophic
factor family member GFRa3 (Baloh et al., 1998; Bennett et al.,
2006). GFRa3-positive sensory neurons (of which >80% express
TRPV1; Bennett et al., 2006) also exhibited hypertrophy, in the
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FIGURE 1 | High-thoracic (T3) spinal cord injury provoked hypertrophy
of neurons in the L4/L5 dorsal root ganglion. (A) Blli-tubulin
immunohistochemistry illustrating neuronal profiles in the L5 DRG. (B)
Size-frequency distribution of pooled L4/L5 DRG neurons, reconstructed
from profile distributions using recursive translation. Ganglia were
harvested 3 months after sham-injury (gray) or complete T3 SCI (black).
There was a small but significant rightward shift in size-frequency
distribution in animals with T3 SCI (P < 0.05, K-S goodness-of-fit test).
Scale bar =70 pum.

absence of change in proportional frequency, in DRGs distal to T3
SCI (Figure 2E).

We performed size-frequency analysis on medium-to-large sen-
sory neurons in the same (L4/L5) DRGs by examining neurons
expressing heavy neurofilament (NF200; Figure 3). At 3 months
after T3 SCI, there was no evidence of injury-induced hypertro-
phy in NF200-positive cells, nor did the proportion of NF200-
expressing cells change (Figure 3A). In agreement with previous
findings (e.g., Yamamoto et al., 2008), we found that the large
majority of TRPV1-positive neurons were NF200-negative; only
occasional neurons co-expressed TRVP1 and NF200 (Figure 3B,
arrow). The extent of TRPV1 and NF200 co-expression did not
increase after T3 SCI (Figure 3B).

To confirm that SCI-induced hypertrophy was specific to small-
diameter DRGs, we also performed size-frequency analysis on
three subpopulations of medium-to-large sensory neurons in the

L4/L5 DRG (data not shown). Expression of TRPV2 was used to
identify larger sensory neurons that are heat-sensitive but TRPV1-
negative (Caterina etal., 1999; Tamura et al., 2005). Proprioceptors
and cutaneous mechanoreceptors were labeled with parvalbumin
(Celio, 1990) and SSEA-4 (Dodd et al., 1984), respectively. In con-
trast to SCI-induced hypertrophy in TRPV1-expressing nocicep-
tors, there were no detectable changes in the size distributions of
these subpopulations of medium- to-large DRG neurons following
T3 SCL

SPINAL CORD INJURY-INDUCED HYPERTROPHY WAS MOST
PRONOUNCED IN LUMBOSACRAL SENSORY GANGLIA

Since our initial observations were made in DRGs far distal to
T3 SCI (Figures 1-3, L4/L5 DRG), we examined the extent of
SCI-induced hypertrophy in TRPV1-positive neurons at differ-
ent rostro-caudal levels (Figure 4). We examined tissue harvested
1 month after T3 durotomy (sham-injury) or SCI (Figures 4-6).
Of the levels examined, SCI-induced hypertrophy was restricted to
ganglia below the injury: TRPV1-positive afferents did not exhibit
hypertrophy in the T1 DRG, despite their proximity to the injury
site (Figure 4A). Equidistant but caudal to SCI (in the T5 DRG),
the size distribution of TRPV1-positive sensory neurons was right-
shifted relative to sham-injured controls (Figure 4B). However,
the effect of SCI was most dramatic in lumbosacral DRGs, remote
from the site of injury. TRPV1-positive cells exhibited pronounced
hypertrophy in both L4/L5 and L6/S1 DRGs (Figures 4C,D). The
rightward shift in size distribution was most dramatic in L6/S1
DRGs, containing afferents innervating the urinary bladder and
the distal colon (Nadelhaft and Booth, 1984).

CAPSAICIN-SENSITIVE AFFERENTS HYPERTROPHIED AND
UPREGULATED THE CAPSAICIN RECEPTOR AFTER SPINAL CORD
INJURY

While there was no change in the proportion of sensory neurons
expressing TRPV1 after T3 SCI, this does not negate an intra-
cellular upregulation of TRPV1. To investigate this possibility,
we examined the intensity of TRPV1 expression in lumbosacral
DRGs. Sections of L4/L5 and L6/S1 DRG from sham-injured
controls and animals with T3 SCI were processed for TRPV1
immunohistochemistry and examined at the microscope by a
blinded investigator, with all imaging parameters (exposure time,
gain, and offset) set at constant levels across groups. With identical
immunohistochemical processing and imaging, there was an obvi-
ous increase in intensity of TRPV1 expression in DRGs from ani-
mals with SCI (Figure 5). This was confirmed through blind quan-
tification: when images were processed to generate size-intensity
distributions of TRPV1-positive neuronal profiles, the intensity
distribution in DRGs from animals with T3 SCI was right-shifted
relative to sham-injured controls (Figures 5A,B). Akin to SCI-
induced hypertrophy, the shift in TRPV1 signal intensity was most
pronounced in the L6/S1 DRGs.

INJURY-INDUCED HYPERTROPHY WAS MODEST AFTER
LOW-THORACIC SPINAL CORD INJURY

The large majority of work in animal models of SCI examines
injury-induced changes after low-thoracic SCI (Ramsey et al.,
2010). For example, data describing SCI-induced changes in
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(TRPV1) and the artemin receptor (GFRa3) in the L4/L5 DRG. (A)
Substance P (SP) - positive DRG neurons and their size-frequency

FIGURE 2 | High-thoracic (T3) spinal cord injury-induced selective
hypertrophy of sensory neurons expressing the capsaicin receptor

distributions. (B) IB4-binding DRG neurons. (C) P2X3-positive DRG neurons.
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FIGURE 3 | High-thoracic (T3) spinal cord injury had no effect on
medium-to-large sized neurons in the L4/L5 DRG expressing heavy
neurofilament (NF200). (A) NF200-positive neurons did not undergo
SCl-induced hypertrophy, nor did the proportion of neurons expressing NF200
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change. (B) Hypertrophy of TRPV1-expressing DRG neurons was not
accompanied by increased co-localization of TRPV1 and NF200. Ganglia were
harvested 3 months after sham-injury (gray) or complete T3 SCI (black). Arrow:
DRG neuron immunopositive for both TRPV1 and NF200. Scale bar =70 um.

DRGs with bladder-projecting afferents (L6/S1), in the absence
of changes in DRGs with somatic afferents (L4/L5), were derived
from rats with low-thoracic SCI (Zvarova et al., 2005). We there-
fore examined the size distribution of TRPV1-positive afferents
in lumbosacral DRGs from animals with T10 complete SCI
(Figure 6). One month after T10 complete SCI, TRPV1-positive
neurons did not exhibit hypertrophy in L4/L5 DRGs; size distrib-
ution of TRPV1-expressing neurons was similar between animals
with T10 SCI and sham-injured controls (sham; Figure 6A).
In the L6/S1 DRGs, there was a small but significant rightward
shift in the size distribution of TRPV1-positive neurons after T10
SCI (Figure 6B). Interestingly, hypertrophic changes induced by
low-thoracic SCI were much less dramatic than those triggered
by T3 SCI (compare Figures 6B and 4D). This was surprising,
given that both injuries induce hind limb paralysis and LUT
dysfunction.

DRAMATIC SOMATIC HYPERTROPHY IN CAPSAICIN-SENSITIVE
AFFERENTS WAS NOT REFLECTED IN PLASTICITY OF THEIR CENTRAL
PROJECTIONS

Multiple studies have demonstrated that severe SCI triggers
intraspinal sprouting of nociceptors (Krenz and Weaver, 1998;
Weaver et al., 2001) and that sprouting of CGRP-expressing

afferents in the dorsal horn is correlated with severity of AD
(Krenz et al., 1999; Cameron et al., 2006). SCI also prompts a
subset of DRG neurons, those expressing the pituitary adenylate
cyclase activation peptide (PACAP), to expand their territory in
the lumbosacral dorsal horn in segments containing visceral cir-
cuitry (L1, L2, L6, and S1; Zvarova et al., 2005). Since PACAP and
CGRP partially co-localize with TRPV1 in DRG neurons (Moller
et al., 1993), we measured the density of TRPV1-expressing ter-
minals in the L4/L5 and L6/S1 dorsal horn, the central projections
of afferents exhibiting the most pronounced hypertrophy after
T3 SCI. Working from tiled mosaics of confocal z-stack projec-
tions (Figure 7A), we detected a slight but significant increase
in density of TRPV1-positive terminals in the superficial laminae
at two locations in the L4/L5 dorsal horn. Density of TRPV1-
positive projections was increased superficially, in lamina I of the
lateral dorsal horn and lamina II-III of the medial dorsal horn.
There was no evidence of TRPV1-positive afferents sprouting into
deeper laminae after SCI. There was also no difference in density
of TRPV1-expressing afferents in the L6/S1 dorsal horn between
sham-injured animals and animals with T3 SCI (Figure 7B). These
results indicate that the CGRP- and PACAP-positive axons which
were previously shown to sprout after SCI are not those which
contain TRPV1.
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We also examined density of TRPV1-positive projections to the
DGC in the L6/S1 spinal cord, a region that receives input from
visceral afferents, including those in the distal colon (Morgan et al.,
1981; Hou et al., 2009). Densitometric analysis demonstrated that
there was no effect of SCI on projections to the DGC (Figure 7B).
Since we were working from cross-sections of spinal cord, we did
not attempt quantitative measurements of TRPV1-positive projec-
tions to the lateral parasympathetic preganglionic nucleus (which
is rostro-caudally periodic in the lumbosacral spinal cord; Mor-
gan et al., 1981). There were no qualitatively apparent changes
in the density of TRPV1-positive projections to parasympathetic
preganglionic neurons after T3 SCI.

INTRATHECAL CAPSAICIN ATTENUATED COLO-RECTAL
DISTENSION-INDUCED AUTONOMIC DYSREFLEXIA

The dramatic effects of T3 SCI on TRPV1-expressing afferents in
L6/S1 DRGs prompted us to examine their contribution to the
development of AD (Figure 8). We administered 50 g of cap-
saicin in a single intrathecal injection at the L4 spinal cord, 28 days
after T3 SCI (“late Cap.”) or 48h after T3 SCI (“early Cap.”).
Since TRPV1-positive sensory neurons exhibit spontaneous activ-
ity de novo as early as 24 h following SCI (Bedi et al., 2010), we
hypothesized that early capsaicin treatment might have particu-
larly pronounced effects on development of AD. Vehicle injections
(“Veh.”) were performed 28 days after SCI.

Consistent with previous findings, capsaicin injection pro-
duced a permanent degeneration of spinally projecting TRPV1-
positive axons (Figure 8A; Yaksh et al., 1979). Efficacy of capsaicin
was confirmed via densitometric measurements within the DGC
(Figure 8A), which demonstrated a rapid and sustained depletion
of TRPV1-positive projections. At 30 days after T3 SCI, carotid
cannulae were implanted for beat-to-beat blood pressure measure-
ments (Figure 8B). Capsaicin injection had no effects on blood
pressure or HR at rest (Figure 8C). Animals that received capsaicin
after T3 SCI exhibited much less severe AD in response to CRD
(Figure 8C). There was no effect of differential timing of capsaicin
injection following SCI: early and late capsaicin treatment pro-
duced equivalent reductions in CRD-induced hypertension and
bradycardia. In both groups, the CRD-evoked change in SAP was
reduced by approximately 50% relative to vehicle-treated animals,
and CRD-induced bradycardia was dramatically attenuated.

DISCUSSION

These experiments demonstrate injury-induced hypertrophy in
a specific subset of TRPV1-positive sensory neurons caudal to
SCI. The response was most pronounced in lumbosacral DRGs
and after high-thoracic SCI. Finally and notably, eliminating the
central projections of TRPV1-expressing axons after T3 SCI via
intrathecal capsaicin injection had pronounced mitigating effects
on the severity of CRD-induced AD. Here we discuss the poten-
tial mechanisms of this SCI-provoked hypertrophy, its relation-
ship to level of injury and the relevance for sensory-autonomic
dysfunction following SCIL.

SPINAL CORD INJURY-INDUCED HYPERTROPHY WAS RESTRICTED TO
A SUBSET OF CAPSAICIN-SENSITIVE NEURONS

The selectivity of sensory neuron hypertrophy following SCI pro-
vides important clues about the underlying trophic mechanism.
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FIGURE 4 | Capsaicin-sensitive dorsal root ganglion neurons increased
in diameter caudal to, but not rostral to, high-thoracic spinal cord
injury. (A-D) Size-frequency distributions of TRPV1-positive neurons from a
rostral DRG (T1) and caudal (T5, L4/L5, L6/S1) DRGs, harvested 1 month
after sham- (gray) or complete T3 SCI (black). The increase in size is the
most pronounced in the most caudal ganglia. Proportions of TRPV1-positive
neurons at each level are shown in the insets (A-D). Asterisks indicate

P <0.05, K-S goodness-of-fit test.
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FIGURE 5 | Capsaicin-sensitive neurons in the dorsal root ganglion
exhibited increased TRPV1 signal intensity following high-thoracic spinal
cord injury. (A) Size-intensity scatter plots of TRPV1-positive DRG neurons
showing a marked upward scatter with T3 SCI. The increase in TRPV1
intensity was particularly pronounced in L6/S1 DRGs. There was a significant

increase in signal intensity at 3 months after T3 SCI for both L4/L5 DRGs and
L6/S1 DRGs (K-S goodness-of-fit tests on cumulative intensity-frequency
distributions). (B) Representative images of TRPV1-expression in the L6/S1
DRG, from a sham-injured control (top) and an animal with T3 SCI (bottom).
Scale bar =50 pum.

While the results demonstrate T3 SCI-induced hypertrophy of
TRPV1-positive DRG neurons, it is clear that this is not univer-
sally true: that is, there must be a specific subset of TRPV1 neurons
which responds to SCI by increasing in size. This assertion is
based on the fact that a rightward shift in size-frequency distri-
bution is detectable in the analysis of all (BIII-tubulin-labeled)
neurons (Figure 1), but not for IB4/P2X3 or SP subpopulations
(Figure 2), each of which partially co-localizes with TRPV1 (Tom-
inaga etal., 1998). Thus, the TRPV1-expressing neurons of interest
express neither standard peptidergic nor non-peptidergic nocicep-
tor markers (Michael and Priestley, 1999); these would have been
included in the analysis of BIII-tubulin-positive profiles (i.e., all
DRG neurons), but omitted from those involving SP, P2X3, and
IB4-positive cells. Thus, hypertrophyislargely or entirely restricted
to a unique population of TRPV1-expressing neurons.

Analysis of neurons expressing GFRa3 (~85% of which co-
express TRPV1; Bennett et al., 2006) provides a further clue to
the identity of this specific subset of nociceptors. The hyper-
trophic neurons are most likely sensitive to artemin, a GDNF
family neurotrophic factor. Previous experiments have shown that
peripheral over-expression of artemin in mouse keratinocytes
not only leads to hypertrophy of DRG neurons, but also to
upregulation of TRPV1I mRNA and increased capsaicin sensi-
tivity (Elitt et al., 2006). Artemin is therefore a likely candidate

for inducing hypertrophy following SCI. While there are no data
describing expression of endogenous artemin after SCI, the pattern
of injury-induced hypertrophy is suggestive.

SPINAL CORD INJURY-INDUCED HYPERTROPHY WAS PARTICULARLY
DRAMATIC IN CAUDAL GANGLIA, FAR DISTAL TO INJURY

The ganglia in which size changes occurred also give cause for
speculation on the molecular underpinnings of this response to
injury. The inflammatory response to SCI is prolonged and well-
characterized (Alexander and Popovich, 2009). The character of
the inflammatory milieu evolves over time and is accompanied by
production of cytokines and trophic factors which could act on
the ganglia attached to the cord to induce hypertrophy. However,
injury-induced hypertrophy was absent or modest in T1 and T5
DRGs (respectively) which argues against a central role for a factor
produced at the site of SCI.

Pronounced hypertrophy occurred far distal to the site of T3
SCI, in lumbosacral DRGs. Interestingly, TRPV1-positive somata
were enlarged in DRGs supplying predominately somatic (L4/L5)
and predominately visceral (L6/S1) peripheral targets. This sce-
nario represents a departure from the phenotypic changes that
are restricted to visceral afferents after low-thoracic injury (Kruse
et al., 1995; Qiao and Vizzard, 2002). TRPV1-expressing sensory
neurons innervate skin, epithelia (notably in the bladder), and
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FIGURE 6 | Low-thoracic (T10) spinal cord injury elicited only modest
changes in size of the most caudal capsaicin-sensitive dorsal root
ganglion neurons. (A) No difference in size distributions of
TRPV1-expressing DRG neurons in L4/L5 DRGs. (B) There was a small but
significant rightward shift in the size-frequency distribution of L6/S1 DRG
neurons (P < 0.05, K-S goodness-of-fit test), but this was much less
dramatic than that which occurred after T3 SCI (see Figure 4). Ganglia were
harvested 1 month after sham (gray) or complete T3 SCI (black).

both skeletal and smooth muscle in a variety of targets, including
the colon and the bladder (Willis, 2007; Everaerts et al., 2008;
Malin et al., 2011; Skryma et al., 2011; Yu et al., 2011). The
structure and function of these target tissues are dramatically
altered following SCI. Paralyzed skeletal muscle undergoes rapid
and profound atrophy (Qin et al., 2010). In contrast, the smooth
(detrusor) muscle of the bladder becomes hypertrophic over time
following supraconal SCI, due to the combined effects of detru-
sor hyperactivity and detrusor-sphincter dyssynergia (Yoshimura,
1999). The bladder epithelium is also altered in chronic SCI (Smith
et al., 2008). Less is known about remodeling of smooth muscle
in the lower gastrointestinal (GI) tract after SCI. However, given
the pronounced changes in lower GI function after SCI, includ-
ing increased transit time that manifests clinically as constipation
(Brading and Ramalingam, 2006), it seems reasonable to speculate
that intrinsic smooth muscle of the distal colon also undergoes
inactivity-induced remodeling following injury. The same logic
applies to skin below the injury: while there are few data describing
structural changes in skin, pressure ulcers are a common compli-
cation of SCI (Cardenas et al., 2004; Gelis et al., 2009). In view of
the diverse changes in peripheral targets of TRPV1-positive lum-
bosacral DRG afferents after SCI, it is very likely that these afferents
are exposed to different (or different amounts of) neurotrophic
factors post-injury.

INJURY-INDUCED HYPERTROPHY WAS NOT ACCOMPANIED BY
PRONOUNCED INTRASPINAL SPROUTING

The pronounced somatic hypertrophy in TRPV1-expressing affer-
ents was not accompanied by an equally dramatic expansion
of their central terminals in the spinal dorsal horn. Previous
findings indicate that low-thoracic SCI prompts an increase in
TRPV1 mRNA, but a reduction in TRPV1 expression demon-
strated immunohistochemically, at and around the site of injury
(DomBourian et al., 2006). Distal to SCI, the only available data
report that there is no change in spinal distribution of TRPV1-
positive projections after low-thoracic injury (Cruz et al., 2008).
We observed a relatively minor increase in density that was
restricted to the superficial laminae of the L4/L5 dorsal horn
after T3 SCI. While somatic hypertrophy and axonal sprouting
do not necessarily occur together, most trophic factors are capa-
ble of eliciting both. For example, in bladder afferents caudal
to low-thoracic SCI, bladder-, and/or spinal cord-derived NGF
is thought to mediate somatic hypertrophy (Yoshimura, 1999;
Seki et al., 2002; Yoshimura et al., 2006), and intraspinal NGF
also contributes to SCI-induced sprouting of peptidergic noci-
ceptors in the dorsal horn (Christensen and Hulsebosch, 1997;
Krenz et al., 1999; Cameron et al., 2006). In contrast to the dis-
tribution of CGRP-positive terminals in the dorsal horn caudal to
high-thoracic SCI (Ondarza et al., 2003), TRPV1-positive affer-
ents did not invade deeper laminae of the dorsal horn. In these
experiments, we demonstrate something quite different after SCI:
afferents that are constitutively present in the spinal dorsal horn
undergo dramatic hypertrophy and receptor upregulation at the
level of their soma (i.e., in the periphery). While the majority of
data describe dramatic changes within the spinal cord caudal to
high-thoracic SCI, creating the potential for altered connectivity
within central sensory-sympathetic circuits, we demonstrate pro-
nounced effects in the periphery. The potential for pathological
sensory-sympathetic interactions in the periphery exists, and may
also contribute to AD (Ramer et al., 2006). The absence of robust
sprouting of TRPV1 axons in the spinal cord suggests that the
stimulus is also peripheral, possibly in the DRG itself. An intra-
ganglionic source of artemin, for example, might be satellite cells
in the DRG: artemin is expressed in Schwann cells, which are phe-
notypically similar to satellite cells, and is upregulated in Schwann
cells after peripheral nerve injury (Baloh et al., 1998).

INJURY-INDUCED HYPERTROPHY WAS MORE PRONOUNCED AFTER
HIGH-THORACIC THAN LOW-THORACIC SPINAL CORD INJURY

The differential effects of complete SCI at T3 and T10 are interest-
ing, given the similarities in many aspects of functional outcome.
For example, T3 and T10 SCI induce hind limb paralysis and
bladder dysfunction that is grossly similar: the bladder is initially
areflexic and requires manual emptying until reflexive micturition
is restored. The issue of LUT function is certainly relevant, since
TRPV1-positive sensory neurons are critically involved in physio-
logical bladder function (Araki, 2011) and appear to contribute
to bladder dysfunction after SCI (Cruz et al., 2008). TRPVI1-
expressing afferents also mediate a number of pathological phe-
nomena in the LUT, including bladder pain and overactive bladder
(Eid, 2011; Kissin and Szallasi, 2011); recent findings suggest that
these afferents also participate in pelvic organ cross-sensitization
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FIGURE 7 | Hypertrophy of capsaicin-sensitive afferents caudal to
high-thoracic spinal cord injury was not accompanied by pronounced
plasticity of their spinal projections. (A) One month after T3 complete
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(Asfaw et al., 2011). However, SCI-induced changes were not
restricted to bladder afferents after T3 SCI, since hypertrophy was
also apparent in L4/L5 DRGs. One explanation might be that sig-
nals from the hypertrophic bladder contribute to injury-induced
hypertrophy, but the predominant trigger is present in high-, but
not low-thoracic SCL

One notable difference in high- versus low-thoracic SCI that
has been identified lies in the immune response to injury. In mice,
immune suppression induced by SCI is level-dependent, such that
mice with T3 SCI exhibit impaired antibody synthesis and elevated
splenic norepinephrine, neither of which develop in mice with T9
injury (Lucin et al., 2007). If level-dependent immune suppres-
sion also occurs in rats with SCI, the inflammatory response in
the DRG may also vary with level of injury, influenced by sys-
temic activity of the immune system. The limited data that are
available describe immune cell infiltration in DRGs caudal to T8
SCI (McKay and McLachlan, 2004): in this study, intra-ganglionic
immune cell density was highest in DRGs closer to the lesion site
(i.e., greater in T12 DRGs than in L6 DRGs). This pattern does
not seem to fit with our results, but may be different after T3 SCI;
alternatively, other factors modifying the environment of the DRG
(such as satellite cells activation) may not vary in step with the local
immune response.

The most dramatic difference in the functional outcomes of T3
and T10 SCI is the development of AD after the former, but not
the latter injury. In AD, sensory stimulation evokes sympathetic
contractions of vascular smooth muscle. It is not insignificant
that artemin is developmentally expressed in vascular smooth
muscle where it acts as a guidance cue for sympathetic (and
probably also sensory) axons (Honma et al., 2002). In essential
hypertension, chronic constriction of the blood vessels induces
maladaptive remodeling of the vasculature (Rizzoni et al., 2007,
2009; Rehman and Schiffrin, 2010). Remodeling resulting in an
increase in media-lumen ratio can occur via different mecha-
nisms, including rearrangement of the same wall material around a
narrowed lumen (eutrophic remodeling) or vascular smooth mus-
cle cell growth (hypertrophic remodeling; Intengan and Schiffrin,
2001). While less is known about the effects of intermittent or
episodic hypertension on vascular structure, one recent study
indicates that carotid intima-media thickness is increased in indi-
viduals with SCI (Matos-Souza et al., 2009). The possibility of
artemin upregulation in vascular smooth muscle has yet to be
explored, but may contribute to the more pronounced hypertro-
phy of TRPV1/GFRa3 neurons following T3 SCI compared to
injury at T10. TRPV1-positive afferents have collateral branches
that supply blood vessels, particularly arterioles, in the submucosa
of the gastrointestinal (GI) tract (Holzer, 2006). The vasculature
of the GI tract is part of the splanchnic bed that is critically
involved in blood pressure control, including the development
of AD (Lujan et al., 2010): these arteries are known to be altered
after high-thoracic SCI (Brock et al., 2006; Alan et al., 2010).

CAPSAICIN-SENSITIVE AFFERENTS CONTRIBUTED SUBSTANTIALLY TO
COLO-RECTAL DISTENSION-INDUCED AUTONOMIC DYSREFLEXIA

Selective elimination of TRPV1-expressing afferents in the spinal
dorsal horn dramatically reduced the severity of AD. Peripheral
projections of TRPV1-positive afferents in the DRGs innervating

the rectum and distal colon are found in smooth muscle and the
mucosa and are mechanosensitive and/or chemosensitive (Lynn
and Blackshaw, 1999; Berthoud et al., 2001; Ward et al., 2003).
Neurons in the capsaicin-sensitive, mechanosensitive subset are
known to respond to CRD (Brierley et al., 2005). Intrathecal
capsaicin injected at L4 eliminated the central projections of
TRPV1-positive spinal colonic afferents, which constitute approx-
imately 50% of the lumbosacral colonic DRG neurons (Brierley
et al., 2005). This is reflected in our data, demonstrating that
CRD following intrathecal capsaicin injection still activates a sub-
set of mechanosensitive afferents to elicit AD, although AD is
dramatically reduced in severity (Figure 8).

We hypothesized that early elimination of TRPV1-expressing
afferents would have even more pronounced effects on AD (than
late capsaicin, administered at 28 days post-SCI). This premise
was based in part on recent findings demonstrating spontaneous
activity arising in the soma develops in DRGs after SCI (Bedi
et al., 2010). There are several striking similarities between the
patterns of de novo spontaneous activity and hypertrophy that
emerge following SCI. Both phenomena develop caudal, but not
rostral to SCI, and are most pronounced in distal DRGs, remote
from the site of injury. Both occur in nociceptors, and most
intriguingly, a high percentage of the afferents that exhibited
spontaneous activity after T10 SCI were capsaicin-sensitive (Bedi
etal.,2010). Cumulatively, these findings suggest that SCI has spe-
cific effects on TRPV1-expressing primary afferents. In bladder
afferents, SCI-induced somatic hypertrophy is accompanied by
increased excitability, including reduced thresholds for activation
(Yoshimura, 1999). If hypertrophy is an anatomical surrogate for
spontaneous activity after SCI, injury-induced ongoing activity in
TRPV1-positive neurons might be more even more pronounced
and/or prevalent after T3 SCI.

However, early and late capsaicin treatment had equivalent
effects on AD (Figure 8B). From these findings, we cannot reli-
ably determine whether TRPV1-positive afferents only instigate
CRD-evoked AD, or both instigate AD and contribute to its devel-
opment over time following SCI. A reversible TRPV1-block might
distinguish between these two possibilities. Given the evidence for
spontaneous activity in capsaicin-sensitive afferents caudal to SCI,
this is a future direction with important clinical implications for
AD, and potentially for pain.

CONCLUSION

Previous work has identified numerous mechanisms that might
contribute to induction and progression of AD, and the list of puta-
tive mechanisms includes injury-induced changes in the vascula-
ture and multiple components of the spinal sensory-sympathetic
circuitry caudal to SCI (Krenz and Weaver, 1998; Krassioukov et al.,
1999; Krenz et al., 1999; Brock et al., 2006; McLachlan and Brock,
2006). In terms of sensory plasticity, prior findings demonstrate
that severity of AD is closely correlated to the extent of intraspinal
nociceptor sprouting (Cameron et al., 2006). However, this is the
first study to demonstrate AD mediated by a specific subset of
afferents that exhibit pronounced somatic, but only slight central,
injury-induced plasticity. Given the array of pronounced changes
in peripheral targets of sensory neurons after SCI, it is not surpris-
ing that they respond to injury. Plasticity occurring outside the

www.frontiersin.org

July 2012 | Volume 3 | Article 257 | 22


http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

Ramer et al.

TRPV1-positive sensory neurons after SCI

CNS may represent a new and more accessible target for limiting
sensory-autonomic dysfunction following SCI.
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INTRODUCTION

We recently reported that the neuropathic pain medication, gabapentin (GBP; Neurontin),
significantly attenuated both noxious colorectal distension (CRD)-induced autonomic
dysreflexia (AD) and tail pinch-induced spasticity compared to saline-treated cohorts 2-3
weeks after complete high thoracic (T4) spinal cord injury (SCI). Here we employed
long-term blood pressure telemetry to test, firstly, the efficacy of daily versus acute
GBP treatment in modulating AD and tail spasticity in response to noxious stimuli at 2
and 3 weeks post-injury. Secondly, we determined whether daily GBP alters baseline
cardiovascular parameters, as well as spontaneous AD events detected using a novel
algorithm based on blood pressure telemetry data. At both 14 and 21 days after
SClI, irrespective of daily treatment, acute GBP given 1h prior to stimulus significantly
attenuated CRD-induced AD and pinch-evoked tail spasticity; conversely, acute saline had
no such effects. Moreover, daily GBP did not alter 24 h mean arterial pressure (MAP) or
heart rate (HR) values compared to saline treatment, nor did it reduce the incidence of
spontaneous AD events compared to saline over the three week assessment period.
Power spectral density (PSD) analysis of the MAP signals demonstrated relative power
losses in mid frequency ranges (0.2-0.8 Hz) for all injured animals relative to low frequency
MAP power (0.02-0.08 Hz). However, there was no significant difference between groups
over time post-injury; hence, GBP had no effect on the persistent loss of MAP fluctuations
in the mid frequency range after injury. In summary, the mechanism(s) by which acute
GBP treatment mitigate aberrant somatosensory and cardiophysiological responses to
noxious stimuli after SCI remain unclear. Nevertheless, with further refinements in defining
the dynamics associated with AD events, such as eliminating requisite concomitant
bradycardia, the objective repeatability of automatic detection of hypertensive crises
provides a potentially useful tool for assessing autonomic function pre- and post-SCl, in
conjunction with experimental pharmacotherapeutics for neuropathic pain, such as GBP.

Keywords: neuropathic pain, colorectal distension, power spectral density, telemetry, blood pressure, heart rate

characterized by episodic, sympathetically-driven reflexive hyper-

Spinal cord injury (SCI) is a serious health care problem in
the United States striking, on average, 12,000 individuals each
year. Approximately 270,000 Americans are living with the typ-
ically devastating neurological deficits and debilitating somatic
and autonomic reflexes in chronic SCI (see https://www.nscisc.
uab.edu). In particular, complete as well as incomplete SCI above
high-thoracic levels can lead to a potentially life-threatening
hypertensive condition termed autonomic dysreflexia (AD) that
is often triggered by noxious somatic or visceral stimuli below the
injury level (Karlsson, 1999). Due to the disruption of descending
modulating pathways from the brainstem, this syndrome is

tension which is usually accompanied by intact baroreflex-
mediated bradycardia (Rabchevsky, 2006). Episodes of AD often
cause debilitating symptoms including pounding headache, acute
anxiety, shivering, flushing and sweating (Kewalramani, 1980).
One of the most common triggers of AD is the distension of
pelvic viscera (bladder and bowel) (Snow et al., 1978; Harati,
1997; Krassioukov et al., 2003).

The development of animal models of noxious colorectal
distension (CRD)-induced AD (Krassioukov and \Weaver, 1995;
Rivas et al., 1995) to mimic clinical manifestations of fecal
impaction have enabled the detailed analysis of temporal
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dynamics of CRD-induced hypertension (Maiorov et al., 1997b,
1998). Accordingly, the development and severity of AD has
been correlated with extent of aberrant sprouting of nocicep-
tive C-fibers into the spinal cord below the injury (Krenz et al.,
1999; Marsh et al., 2002; Cameron et al., 2006), and glutamater-
gic neurotransmission has been shown to contribute to spinal
viscerosympathetic initiation of episodic hypertension (Maiorov
etal., 1997a).

There is currently no single clinical intervention which effec-
tively attenuates the manifestation of both muscle spasticity
and AD stemming from SCI (Rabchevsky and Kitzman, 2011).
Notably, however, one compound that has been shown to inter-
fere with glutamatergic transmission and is safe for clinical use is
gabapentin (GBP, Neurontin®; Pfizer, New York, NY, USA), which
is approved for the treatment of epilepsy and is widely used off-
label for the treatment of neuropathic pain (Kitzman et al., 2007).
Accordingly, we have been testing the hypothesis that GBP can
alleviate both spasticity and AD by impeding neurotransmission
of noxious stimuli into the spinal cord, thus eliminating a criti-
cal physiological link between these aberrant reflexes. To this end,
we recently reported that acute GBP administration significantly
attenuates both AD and tail spasticity induced by noxious stim-
uli compared to saline-treated cohorts at 2-3 weeks post-injury
(Rabchevsky et al., 2011).

In order to further characterize the effects of GBP and
determine whether it can be administered as a prophylactic,
here we report the results of long-term telemetry experiments
designed to assess (1) whether daily GBP versus saline alters
baseline cardiovascular parameters, (2) the efficacy of chronic,
daily GBP treatment versus acute administration in modulating
experimentally-induced AD and tail spasticity over 3 weeks post-
injury, and (3) whether daily GBP modulates spontaneous AD
events detected using a novel algorithm we have developed based
on blood pressure telemetry data.

MATERIALS AND METHODS

SURGICAL METHODS; IMPLANTATION OF BLOOD PRESSURE
TELEMETRY DEVICES IN DESCENDING AORTA

As described in detail (Rabchevsky et al., 2011), seven days prior
to T4 transection SCI, naive anesthetized (ketamine, 80 mg/kg,
i.p.; xylazine 7 mg/kg, i.p.) rats (n = 12) were implanted with tele-
metric pressure transmitters (model TA11PA-C40, Data Sciences
International, Inc., St. Paul, MN) into the descending aorta after
its brief occlusion and securing the probe to the abdominal wall
with silk sutures. The skin was closed with surgical staples after
rinsing abdominal cavity with saline. The animals were then
treated post-operatively, as described below, and blood pressure
was monitored 24/7 to ensure patency of the probes and to obtain
pre-injury baseline data.

SURGICAL METHODS; SPINAL CORD INJURY

All surgical procedures were performed under aseptic condi-
tions using sterilized instruments, following the University of
Kentucky IACUC and the NIH guidelines. One week following
telemetry implantation, the T4 spinal segment of anesthetized
(ketamine, 80 mg/kg, i.p.; xylazine 7 mg/kg, i.p.) female Wistar
rats ( 225g) was exposed by T3 laminectomy (n = 12) and the

spinal cord was completely transected with a scalpel blade before
hemostasis was achieved with gelfoam placed into the resection
site, as previously detailed (Cameron et al., 2006; Rabchevsky
et al., 2011). Wounds were then irrigated with sterile saline, the
muscles sutured using 3-0 vicryl and skin openings stapled with
wound clips. Injured rats were housed one per cage with food
and water ad libitum, placed on a heating pad during recovery,
and injected with 10 ml Lactated Ringer’s solution s.c. for fluid
replacement. Upon regaining consciousness, post-surgery pain
was alleviated by administering buprenorphine (0.02-0.05 mg/kg,
s.c., Reckitt Benckiser, Hull, UK) twice a day for three days.
The injured animals required manual bladder evacuation twice
a day for 2-3 weeks post-injury until spontaneous bladder void-
ing returned with no signs of urinary tract infection. They also
received twice daily injections (s.c.) of antibiotics (33.3mg/kg
Cefazolin, s.c., SoloPak Laboratories, New Gove, IL) and Ringer’s
for 5 days.

TELEMETRIC MONITORING OF BLOOD PRESSURE BEFORE AND

AFTER SCI

Following transection SCI, the Dataquest A.R.T. system (Data
Sciences International, Inc., St. Paul, MN) was used for 24/7
telemetric monitoring of pulsatile arterial blood pressure (PAP),
as well as on-demand monitoring of blood pressure prior to,
during, and after noxious CRD. CRD was performed on four
separate days following SCI. Specifically, on days 14, 15, 21,
and 22, injured animals in both chronic treatment groups were
injected with either acute GBP or saline 1h prior to cardio-
physiology in response to CRD (see Table 1). For each gently
restrained conscious rat, a period of 15min was allowed to pass
to allow them to become quiet after carefully inserting a latex
balloon-tipped catheter (Swan-Ganz Paceport catheter; Baxter
Healthcare Corporation, CA) 2 cm inside the rectum and secur-
ing it to the tail with tape. Prior to each initiation of spinal
viscero-sympathetic reflexes, 30s of baseline arterial pressure
was recorded. Measurements continued during the gradual (155)
inflation of the 10 mm long balloon inflation (CRD) with 2 ml of
air for a period of 60 s, followed by another 30 s following balloon
deflation. Such CRD expands the colon as would several large
fecal boluses. During a recording period, animals within indi-
vidual cages were placed upon receiver plates and PAP readings
were transmitted to a receiver (PhysioTel Receiver, RPC-1 from
Data Sciences International) as a radio frequency signal integrated
by a data exchange matrix. The two traces for each animal trial
were saved and stored in a selected file for subsequent analyses.
Thus, two separate trials were conducted for each animal sepa-
rated by 30 min on each of the four testing days. The average
MAP and HR values over the entire dynamic 60s CRD period
were calculated prior to averaging the values over the two trials
for each animal; the mean MAP and HR values across each treat-
ment group were then derived from summing individual animal
averages.

BEHAVIORAL ASSESSMENT FOR SPASTICITY IN THE TAIL MUSCLES

Between the two trials for each of the four separate days that
CRD was performed (- 30 min), spasticity in the tail was assessed
behaviorally using an established scale (Kitzman, 2006; Kitzman
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et al., 2007). Specifically, the response of the tail muscles to a
quick stretch, light stroking (non-noxious stimulus) and a light
pinch (noxious stimulus) applied approximately 10 cm from the
tip of the tail were assessed. Tail manipulations were performed
with the animals lightly restrained and the tail was free to move
over its full length. In this study, the animals displayed either a
stage-2, stage-3, or stage-4 spasticity prior to initiating pharma-
cological intervention (see Table 2). For the purpose of statistical
analysis, responses to quick stretch and pinch were graded using a
five point scale in which 0 = minimal (<45° flexion) response
to the stimulus, 1 = 45-90° flexion, 2 = >90-180" flexion,
3 =>180-225" flexion, 4 = >225-360° flexion, and 5 = signifi-
cant coiling of the tail and/or activation of flexors, extensors, and
abductors (writhing) lasting >2 s and the presence of clonus. The
response to light touch was scored using a three point grading
scale in which 0 = no response, 1 = minimal flexion of the tail
away from the stimulus, and 2 = pronounced flexing of the tail
away from the stimulus.

DRUG ADMINISTRATION

Every morning at 9:00 am, beginning the day after SCI, animals
received a daily i.p. injection of either GBP (50 mg/kg; Neurontin)
or saline vehicle. Notably, however, on days 15 and 22 the treat-
ment groups were reversed to assess the effects of acute versus
chronic GBP administration on the cardiophysiological responses
to CRD and tail manipulations (see Tables 1 and 2). Importantly,
the half-life of GBP is 5-9 h in humans, which is unaltered fol-
lowing multiple dosing (Goa and Sorkin, 1993; McLean, 1995).
Accordingly, when a person receives GBP 3—4 times per day, the
half-life is still reported as being 5-9 h; thus the required multi-
ple dosages each day. If the half-life altered with multiple dosages,
then once a patient reached the therapeutic dosage (typically
3-4 dosages per day), over time one might expect to be able to
decrease the number of dosages per day since the therapeutic half-
life would increase. However, this does not appear to be the case
with GBP.

DETECTING SPONTANEOUS INCIDENCES OF AUTONOMIC
DYSREFLEXIA

An algorithm was developed to automatically detect spon-
taneous AD events based on the 24h blood pressure and
heart rate (HR) telemetry data. Concurrent values for mean
arterial blood pressure (MAP) and HR were recorded using
DataQuest (Data Sciences International, Inc., St. Paul, MN)
at 2s intervals for 4 days pre-injury and 22 days following
T4 spinal cord transection. Example waveforms of MAP and
HR are shown in Figures1 and 4. The algorithm processed
these waveforms to effectively estimate the number of instances
where an abnormally sharp MAP increase was accompanied
by HR decrease, as illustrated in Figure3. This was imple-
mented with a program written in Matlab (The MathWorks, Inc.,
Natick, MA).

The MAP and HR signals were initially low-pass filtered at a
0.04 Hz cut-off frequency with a 6th order Butterworth filter to
smooth out transient spikes (less that 12.5s duration) and limit
their impact on threshold crossings. A baseline comparison for
MAP was created by a moving average window of 240 s. This was

used for comparing the MAP values at 255 after the end of the
averaging window. Note that in Figure 3, the MAP values were
delayed by 255 relative to the baseline average so comparisons
could be more easily visualized. A MAP peak was associated with
a detected AD event when simultaneous numerical conditions
were met, as illustrated in Figure 3. The following are the con-
ditions with values used in the algorithm for results presented in
this report:

(1) MAP peak exceeds the baseline by T, = 10 mm Hg or greater.

(2) The difference between the MAP peak value and the MAP
minimum value within the previous T, = 35 seconds must
be Ts = 20 mm Hg or greater than this peak (i.e., MAP swing
must be sufficiently large and fast).

(3) The HR must drop by Ty = 10bpm or greater within the
MAP event interval, defined as staring with the MAP exceed-
ing Tp and ending when it drops below this same value (see
example in Figure 3A). The maximum HR associated with
the drop must occur within the first 75% of this interval
and the minimum HR value must occur after this maximum
value and within 5 s beyond the end of the MAP interval (i.e.,
the HR drop must be sufficiently close to the elevated MAP
event).

SPECTRAL ANALYSIS

To examine persistent MAP dynamics between groups, a power
spectral density (PSD) analysis was performed. This analysis
complements the result for the spontaneous AD events in that
it detects differences in persistent dynamics, since it averages
over the observation interval. Sparse transient events are aver-
aged out in this case. The PSDs were computed using Welch’s
method (Proakis and Manolakis, 1996) from data recorded for
4 h following the daily injections. The raw pulsatile blood pres-
sure signal was originally sampled at 512 Hz, and re-sampled to
50 Hz after an anti-aliasing filter was applied. Spectral magni-
tudes were computed from 128 s segments with linear trends
removed, and a 50% overlap was used between consecutive
segments.

SPINAL CORD TISSUE PROCESSING AND HISTOLOGY

After final analyses, all injured rats were overdosed with sodium
pentobarbital and transcardially perfused with 4% paraformalde-
hyde in PBS. Dissected spinal cords from T4-transected rats
were stored for long term storage at 4°C in 20% sucrose/PBS
containing 0.02% sodium azide.

STATISTICS

All data were both collected and analyzed in a blinded manner, as
routinely performed in our published pharmacological studies.
Notably, all analyses were performed by individuals blinded with
respect to treatment. For comparisons of CRD-induced MAP
and HR changes, unpaired Student’s t-tests, with bonferroni cor-
rection factor when appropriate, were used between saline- and
GBP-treated groups. Specifically, we compared the average MAP
and HR values over the entire 60s CRD period, and averaged
the values over the two trials for each animal. To compare AD
events over time between groups, a repeated measures analysis of
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variance (ANOVA) was performed, followed by Fischer’s PLSD
when appropriate. Each behavioral test (tail responses to stretch,
noxious pinch, and non-noxious light touch, as well as presence of
clonus) was compared using the Mann-Whitney U test for ordinal
data. PSD data were analyzed via power ratios between low and
mid frequencies ranges and 95% confidence limits for each group
were computed. Statistical significance was set a prioriatp < 0.05
for all analyses.

VALIDATION OF ALGORITHM

The parameters of the AD algorithm were optimized using a data
set consisting of 156 h of data labeled by an observer. The level of
agreement between human observation and the automatic algo-
rithm was assessed by estimating the probability of agreement on
humanly detected AD events (47) from 169 h of telemetry data
from 3 SCI rats. The results are described by two metrics, a prob-
ability of positive agreement (when the algorithm and observer
identified the same time segment as containing an AD event), as
well as a negative agreement rate (how often per second the algo-
rithm identifies an AD event when the human observer did not).
The test resulted in a positive agreement probability of 0.87 and a
negative agreement rate of 6.0 x 10> per second (approximately
five detections per day). In addition, the algorithm was applied
to 72 h of pre-injury data (where no AD events are expected) and
resulted in two detections per day, which is considered a false-
detection rate of 2.3 < 10> per second. Given the expected level
of human error, especially for large data sets, this is considered a
good agreement.

RESULTS

EFFECTS OF DAILY GBP TREATMENT ON RESTING BLOOD

PRESSURE AND HEART RATE

During the experiment, one GBP-treated animal died shortly
after surgery for uncertain reasons. All animals were housed one
per cage and Figure 1 demonstrates blood pressure recordings
gathered telemetrically from a rat prior to SCI over a 24 h period.
Every morning, beginning the day after SCI, the injured ani-
mals received an injection (i.p.) of either GBP or saline vehicle.
As depicted in Figure 2, assessments over 24 h periods across
days post-injury revealed no significant treatment effect (p > 0.1)
on average daily MAP and HR values, but there was a signifi-
cant effect of days post-injury on both MAP [F(y, 21y = 7.282,
p < 0.0001] and HR [F, 21y = 13.23, p < 0.0001] values. Post-
hoc analyses revealed a significant (p < 0.05) decrease in MAP
values at 1 day post-injury (DPI) compared to pre-injury val-
ues, as well as compared to 3 and 4 DPI. The ensuing MAP
values between 5 and 13 DPI were again significantly (p < 0.05)
lower compared to pre-injury. Notably, however, from 14 to
22 DPI there were significant (p < 0.05) elevations of daily
MAP compared to 5-13 DPI that approximated pre-injury val-
ues. For accompanying HR values, there were significant (p <
0.05) decreases from 8 to 13 DPI compared to 1 DPI which
was followed by significant (p < 0.05), diametrically oppo-
site increases in HR values from 14 to 22 DPI compared to
1 DPI. However, there was no significant treatment by days
effect on either daily MAP [F(1, 21y = 0.865; p = 0.636] or HR
[F(, 21y = 0.383; p =0.994]. Overall, there appeared to be a
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FIGURE 1 | Representative traces of mean arterial pressure (A; mmHg) and
heart rate (B; BPM) recorded from a naive animal 1 day prior to T4 spinal
cord transection. Data was gathered telemetrically over a 24-h period using an
implantable probe that was inserted into the descending aorta. Animals were
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housed one per cage to allow for individual telemetric monitoring. Receivers
placed beneath each animal’s cage telemetrically relayed signals into a data
exchange matrix, where the signal was integrated into files to be opened with
the Dataquest A.R.T. software package for subsequent analyses.

Frontiers in Physiology | Integrative Physiology

August 2012 | Volume 3 | Article 329 | 29


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive

Rabchevsky et al.

Gabapentin alleviates autonomic dysreflexia

A
120
Saline
115
—V- GBP
110
105
o
<
=
100
95
90~
85~
80
B
500
450
o
T
= 400
©
[
=
350
300 T T T T T T T T T T T T T T T T T T T T T 1
4 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
DPI
FIGURE 2 | Graphs representing both mean arterial pressure (A, MAP) significant differences between treatment groups for daily MAP and HR
and heart rate (B, HR in beats per minute) across days post-injury values. The conspicuous sustained elevation in both daily MAP and HR
(DPI) gathered telemetrically over 24 h periods, beginning at values beginning on days 14-15 post-injury that approached pre-injury values
9:00am following injections of either Saline or gabapentin (GBP). are interesting. n = 6 Saline; n = 5 GBP (50 mg/kg). Symbols represent group
Due to the overall variability in both outcome measures, there were no means *+ SEM error bars.

conspicuous elevation in both MAP and HR values beginning
two weeks post-injury that remained elevated, approaching pre-
injury values; the significance of this alteration is uncertain,
although it does correspond to the development of AD in this
model.

ACUTE, NOT CHRONIC GBP TREATMENT REDUCES INDUCED
AUTONOMIC DYSREFLEXIA AND TAIL MUSCLE SPASTICITY

As detailed in “Materials and Methods” and depicted in Table 1,
on days 15 and 22, the animals receiving GBP every morning were
injected with a single dose of saline (acute saline) 1 h prior to
assessments, whereas the animals receiving saline every morn-
ing were given a single dose of GBP (acute GBP) 1h prior to
assessments. It was found that only acute GBP treatment signif-
icantly reduced CRD-induced MAP increases by approximately

two-fold compared to acute saline treatment, irrespective of
chronic morning treatments. Bradycardia also appeared reduced
with GBP at all time points examined, but variability precluded
significant differences. As detailed in “Materials and Methods”
and depicted in Table 2, when tail spasticity was assessed in the
same injured animals in response to light touch, stretch and
noxious pinch, only acute GBP treatment had a significant and
striking effect in virtually abolishing all three measures of tail
spasticity.

EFFECT OF DAILY GBP TREATMENT ON THE INCIDENCE OF
SPONTANEOUS AUTONOMIC DYSREFLEXIA

We developed a novel algorithm to detect spontaneous events of
AD based on the 24 h MAP and HR telemetry data. The algorithm
was developed and thresholds determined from a sample data set
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Table 1 | Quantified changes in mean arterial pressure (MAP) and heart rate (HR) measurements from baseline during one minute of noxious
colorectal distension (CRD) in injured rats treated chronically (daily morning) with either Saline or GBP.

Acute administration (Time points)

Chronic treatment groups

MAP (mmHg) HR (beats per min)
Saline GBP Saline GBP

Saline 19.7+25 - —43.8+12.2 -

14 DPI
GBP - 9.0+ 3.6 - 4.1+10.9
Saline - 26.3+3.8 - —13.7+10.1

15 DPI
GBP 59+1.1 - —16.0+4.6 -
Saline 38.0+34 - —36.1+19.5 -

21 DPI
GBP - 14.7x+4.7 - —-16.3+15.5
Saline - 34.3+35 - —50.9+22.0

22 DPI
GBP 19.4+3.1 - —6.8+7.2 -

Both chronic treatment groups were subjected to CRD after either Acute GBP or Acute Saline injections prior to assessments on alternating days (days 14-15 and
21-22). Acute GBP treatment significantly reduced CRD-induced MAP increases by approximately two-fold compared to Acute Saline treatment, irrespective of

Chronic (daily morning) Treatment Groups. While bradycardia appeared to be reduced at all time points examined, the variability precluded significant differences.

Values represent group means = SEM. p <0.05, p < 0.005 and

p < 0.001 between Acute GBP versus Acute Saline groups at all Administration Time Points.

Table 2 | Behavioral responses of the tail musculature 2-3 weeks following T4 spinal cord transection (same rats as in Table 1) in response to
Touch (Left), Stretch (Middle) and Pinch (Right) 1 h following the administration of Saline or GBP.

Acute administration (Time points)

Chronic treatment groups

Saline GBP Saline GBP Saline GBP
Tail touch Tail stretch Tail pinch
li 2.0+0.2 - .0+0.2 - .0+0. -
Saline 14 D 0+0 50+0 5.0+0.0
GBP 0.0+0.2 0.0+04 1.0+04
Saline - 2.0+0.0 - 5.0+0.4 - 5.0+ 0.6
15 DPI
GBP 0.0+0.2 - 0.0+0.3 - 0.0+0.2 -
Saline 2.0+0.2 - 5.0+0.0 - 5.0+0.0 -
21 DPI
GBP - 0.0+0.2 - 0.0+04 - 0.0+04
Saline - 20+0.0 - 5.0+0.0 - 5.0+0.0
22 DPI
GBP 05+0.3 - 0.0+0.8 - 0.0+0.8 -

Response to Tail Touch was scored on a 2 point scale in which 0 = no spasticity and 2 = severe spasticity. Responses to Tail Stretch and Tail Pinch were scored on a

5 point scale in which 0 = no spasticity and 5 = severe spasticity. Quantitative analyses confirmed the striking effect of Acute GBP treatment in virtually abolishing

all three measures of tail spasticity, irrespective of the Chronic (daily) treatment over days post-injury (DPI). p < 0.05 Values represent group medians + SEM for

visualization purposes only.

with AD events labeled by human observers of the MAP, baseline
MAP, and HR from several animals (about 60 h of data). An illus-
tration of a detected AD event is shown in Figure 3. To establish
the algorithm relative to human identified events, the algorithm
was run on an independent set of test data where AD events were
identified by human observers (see “Materials and Methods,”
Statistical analyses). Results showed an agreement of greater than
80% with humanly detected events. For the times corresponding
to no humanly detected AD events, the algorithm detected events
at a rate of 0.0004 events per second, which corresponds to about
1 event every 42 min.

Through validation of humanly observed events that the pro-
gram detected (indicated by green and red lines in Figure 4),
the optimal parameters which corroborated humanly observed
events were subsequently used to calculate spontaneous events

of AD in both treatment groups over days post-injury. Notably,
when the pre-injury data was analyzed with these algorithm
parameters, event detections were infrequent (1-3 events/day
in the 4 days prior to injury) relative to post-injury detections
(5-30/day). This infers that the algorithm detects aberrant physi-
ology rather than typical MAP and HR dynamics.

When the algorithm was applied to the data sets from both
treatment groups, it calculated the number of detected sponta-
neous AD events over days post-injury (Figure 5). In particular,
it was used to generate both the number of detected AD events
over 24h periods between the chronic saline and GBP treat-
ment groups (Figure5A), as well as the number of detected
AD events in the first 4 h following daily saline and GBP injec-
tions (Figure 5B). In both cases, negligible events were detected
prior to injury, as expected based on the algorithm parameters.
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FIGURE 3 | Graphic examples of conditions used to detect an autonomic
dysreflexia (AD) event. (A) Filtered mean arterial pressure (MAP) signal
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T

Minutes

1

1 ! L L 1
186.5 187 187.5 188 188.5

(B) Corresponding filtered heart rate (HR) signal within MAP event interval
shows threshold for HR drop condition. Heart rate signal does not have a
baseline.

In the first several days following SCI, there appeared to be inex-
plicable detected AD events only in the GBP treatment group.
Subsequently, however, until two weeks post-injury, the detected
AD events remained only marginally elevated from pre-injury
values for both groups. After 14 days post-injury, there appeared
to be increases in the number of AD events detected in both
treatment groups compared to pre-injury values; over 24 h or
4 h after daily injections. When a repeated measures ANOVA was
run between treatment groups and the numbers of detected AD
events across 22 days post-injury, there was no significant treat-
ment effect (p > 0.1). When the data between treatment groups

was collapsed and assessed similarly from 14 days post-injury
onwards, a time when severe AD is known to be present, there
was still no significant treatment effect (p > 0.1) over the 24h
or first 4h periods (Figures5A,B). While there was a signifi-
cant effect of days post-injury for 24 h period values [F(, g) =
2.921; p < 0.01], this was not the case for the first 4h post
daily injection [F(, gy = 1.170; p = 0.329]. Accordingly, there
was no significant treatment by days interaction for AD events
over 24 h periods [F(1, 8y = 0.974; p = 0.463] (Figure 5A) or dur-
ing the first 4 h after daily injection [F(;, gy = 1.67; p = 0.121]
(Figure 5B).
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FIGURE 4 | Graphic examples of autonomic dysreflexia (AD) events
detected over a 24-h period in an injured animal, employing the
algorithm. Signals for mean arterial pressure (MAP) (A,B) and heart rate
(HR) in beats per minute (C,D) from a saline-treated, injured rat 15 days
following T4 spinal cord transection. In the MAP and HR traces, the horizontal
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red lines represent the baseline trace, while the blue lines correspond to the
raw signals. The HR signal does not include a baseline, only the raw blue
traces. In (B) and (D), shown at higher magnification, the green lines indicate
the beginning of an AD event, while red lines coincide with the end of the
event.

SPECTRAL ANALYSIS OF BLOOD PRESSURE

We then sought correlations between the visible reductions of
AD events in GBP-treated animals and trends in the spectral
analysis of blood pressure. Critically, traditional spectral analy-
ses do not pick up this clinically relevant event, highlighting the
importance of the parameters we used to define an AD event
in the algorithm. As depicted in Figure 6, spectral analysis of
blood pressure only demonstrated the significant loss of a reg-
ulatory mechanism after SCI with dynamics in the 0.2-0.8 Hz
(Mid) range (Figure 6A), with no consistent differences between
treatment groups. Importantly, this does not negate the AD detec-
tions found using the algorithm and suggests that GBP did not
impact the persistent changes resulting from the injury. The error
bars in Figure 6B represent the 95% confidence limits of the
mean power (PSD) ratio estimates from each group on each day.
Note that for each day post-injury, the 95% confidence limits
overlap; however for the pre- and post-injury days their 95% con-
fidence limits do not overlap, indicating a significance difference
(p < 0.05).

DISCUSSION

Here we report the results of long-term radio-telemetry experi-
ments designed to determine, firstly, whether daily GBP admin-
istration for 3 weeks post-SCI versus saline altered baseline
cardiovascular parameters, as well as AD elicited by noxious
CRD. Notably, the same injured animals were also assessed for
induced tail muscle spasticity, both distinct debilitating secondary
reflexes following SCI that are often triggered by noxious stimuli
below the SCI level (Rabchevsky and Kitzman, 2011). Daily GBP
administration did not have significant effects on cardiovascular
parameters, but there were trends for elevated MAP and HR com-
pared to saline, notably in the first two weeks post-injury. On the
contrary, and in support of our recent findings (Rabchevsky et al.,

2011), acute GBP treatment significantly attenuated experimen-
tally induced AD and tail spasticity, irrespective of chronic daily
morning treatments.

GBP is currently provided as a prophylactic for neuropathic
pain, indicating chronic administration. Therefore, we sought
to determine whether GBP can be effectively taken orally near
the onset of AD (acutely) to alleviate the debilitating reflexes.
GBP possesses multiple cellular mechanisms and demonstrates
the potential to help decrease the manifestation of spasticity
in the chronic SCI population (Gruenthal et al., 1997; Priebe
et al.,, 1997). Inhibition of glutamatergic transmission may be
pre-eminent in mediating its therapeutic effects in epilepsy,
neuropathic pain, and spasticity (\Wheeler, 2002). Specifically,
gabapentin has been shown to inhibit presynaptic glutamate
release (Shimoyama et al., 2000; Maneuf and McKnight, 2001;
Maneuf et al., 2004; Coderre et al., 2005, 2007). Moreover, glu-
tamatergic neurotransmission has been shown to contribute to
spinal viscerosympathetic initiation of episodic hypertension dur-
ing experimental AD (Maiorov et al., 1997a) as well as induced
tail muscle spasticity (Kitzman et al., 2007). Alternatively, GBP
has been reported not to work by modulating presynaptic Ca?*
channel release; instead, it serves as a thrombospondin recep-
tor which, when bound, inhibits new synapse formation in a
murine model of whisker barrel de-afferentation (Eroglu et al.,
2009). However, the latter study reported that GBP did not elim-
inate established synapses, inferring that inhibition of synapse
formation with chronic daily GBP treatment cannot explain the
mechanisms by which acute GBP treatments were effective in
ameliorating nociceptive spinal reflexes after SCI.

Based on this and our previous findings (Rabchevsky et al.,
2011), our initial expectation was that daily GBP may lower basal
MAP, in part, by reducing the incidence of spontaneous AD.
In order to address this intriguing possibility, we developed an
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FIGURE 5 | Using the algorithm described in “Materials and Methods,”
these graphs illustrate detected autonomic dysreflexia (AD) events
for each chronic (daily) treatment group over 24 h (A) versus the

first 4 h (B) following daily injections of gabapentin (GBP) or Saline.
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Although there appeared to be fewer overall spontaneous AD events
following GBP treatment at later days post-injury (DPI), variability
precluded significant differences. Symbols represent group means + SEM
error bars.

algorithm to detect spontaneous events of AD based on 24 h MAP
and HR data gathered over 3 weeks. Once validated, we found
that chronic GBP treatment reduced daily spontaneous AD events
and, more prominently, within the first 4 h after administration.
The appearance of AD events and, accordingly, the suppressive
effects of GBP became apparent two weeks after SCI, which cor-
responds to the time course of AD development (Krassioukov
and Weaver, 1995; Mayorov et al., 2001; Rabchevsky, 2006).
Interestingly, we observed remarkable cardiophysiological alter-
ations in mean daily MAP and HR values in both treatment
groups that began to appear following initial CRD trials on days
14-15. While, we do not have data for control injured rats, this
suggests that noxious CRD may lead to profound adaptations

in the spinal cord of animals with complete SCI, irrespective of
treatment.

Several weeks following experimental SCI, CRD induces a
rapid increase in MAP that are usually accompanied by varying
degrees of bradycardia; the clinical definition of AD (Karlsson,
1999). Critically, such AD episodes can last as long as the noxious
CRD is applied and the magnitude of MAP increases is typically
in the range of 20-50 mm Hg above baseline, as shown in this and
previous studies (Krassioukov and Weaver, 1995; Cameron et al.,
2006; Hou et al., 2008). This is a key distinction between detect-
ing spontaneous AD events versus those elicited by experimental
CRD, the latter of which establishes a stable baseline MAP prior
to assessments. Indeed, in developing the AD algorithm we could
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FIGURE 6 | (A) Power spectral density (PSD) analysis averaged over all animals  ratio represents a shifting of power to the lower frequencies. The results are
for one day pre- and 18 days post-injury (DPI). The key difference resulting presented with 95% confidence limits for the error bars. Note that the horizontal
from the injury is the loss of mid frequency (Hz) dynamics. These differences dashed line indicates that the 95% intervals between pre-and post-injury are
were typical of the others days as well. (B) For day-by-day comparisons, an non-overlapping. The relative loss in mid frequency dynamics over DPl is clearly
average ratio between the power in low frequency range (0.02-0.08) and mid seen by the distance between means from the pre-injury cases. However,
frequency range (0.2-0.8) was computed for each group. A decrease in this there is no consistent difference between treatment groups over DPI.

not find persistent prolonged MAP increases accompanied by
bradycardia, most notably =15mm Hg above baseline estab-
lished by extended averaging windows and low-pass filtered MAP
signals. It is uncertain whether the sparse transient AD events
detected are a reflection of either fecal impaction or distended
bladder, but the same injured rats responded to noxious CRD
with significant AD, except for those receiving GBP acutely before
assessments. Importantly, however, the spontaneous AD events
detected over days post-injury were not significantly altered by
daily, chronic GBP treatment.

Based on seminal rodent AD modeling studies (Krassioukov
and Weaver, 1995; Rivas et al., 1995; Maiorov et al., 1997b;
Krenz et al., 1999; Mayorov et al., 2001; Marsh et al., 2002), our
own published reports have consistently reported CRD-induced

changes in MAP versus changes in systolic arterial blood pressure
(SAP). To our knowledge, only recently have SAP changes been
reported as a primary indicator of experimentally-evoked AD
(Inskip et al., 2012). Nevertheless, we reanalyzed our data sets
for the current and other ongoing studies to establish the
applicability of reporting changes in SAP values instead of MAP.
While the magnitudes of CRD-induced SAP increases were found
to be greater than MAP changes, the patterns and statistical
differences were unaltered. Accordingly, we have reported the
MAP changes evoked by CRD as well as spontaneous AD events
detected with the algorithm.

Alternatively, it is documented in other reports, experimen-
tal and clinical, that AD episodes can also be accompanied
by tachycardia, and we have observed many instances of such
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occurrences in this and previous studies. However, regarding
the algorithm, and in line with all our previous reports, we
have operationally defined AD as a MAP increase concomitant
with bradycardia (Krassioukov and Weaver, 1995; Rivas et al.,
1995; Karlsson, 1999). It is also appreciated that based upon our
required bradycardia inclusion, we may have missed otherwise
detected AD episodes. While we did observe instances of tachycar-
dia during CRD-induced MAP increases (see Table 1), the overall
HR changes ranged from —60 to +4 bpm. Accordingly, we can-
not predict how many spontaneous =10 mm Hg increases were
accompanied by tachycardia since the algorithm parameters were
not set to capture such events. Despite this caveat, such a lim-
itation is based on the user-defined parameters applied to the
algorithm and, therefore, speaks to its broad applicability. For
example, to re-define an AD event the algorithm can be modi-
fied to detect any chosen supra-threshold MAP increase for any
given duration, but when accompanied by either tachycardia,
bradycardia or both.

We chose 50 mg/kg dosage (i.p.) for this study since we already
documented that this dosage and route given acutely completely
eliminated spasticity and significantly abrogated CRD-induced
AD in spinal rat models (Kitzman et al., 2007; Rabchevsky et al.,
2011). This dosage is on the low side of what has been employed
in rat models of neuropathic pain, some up to 300 mg/kg (Yoon
and Yaksh, 1999; Coderre et al., 2007), and in mice it has been
shown that up to 1000 mg/kg does not affect motor performance
(Czuczwar et al., 2003). Also, there is no reported change in Roto-
rod performance one hour after each of four consecutive daily
injections of 100 mg/kg GBP (i.p.), and there are no reported
differences in the half-life between GBP administered i.v. or i.p.
(Xiao et al., 2007). The issue that remains unresolved, therefore,
is whether a once daily injection of GBP is sufficient to have
potential effects on spontaneous daily AD events detected by the
algorithm.

The AD event detection algorithm has the advantage of con-
sistently applying the same rules for every case, and while the
human observers are aware of these rules, their ability to recog-
nize the signal dynamics is limited by the need for sufficiently
large swings in HR and MAP (relative to surrounding signals)
to catch their attention. Therefore, the additional AD events cap-
tured by the algorithm were events that fit the definition, but were
missed by the human observers either due to fatigue or the signal
changes too close to the thresholds. Notably, there were insignif-
icant detections in pre-injury data, validating injury-induced
cardiovascular alterations. The missed AD events by the algo-
rithm on humanly detected events were due, in part, to human
error where a large jump in HR or MAP may have swayed a deci-
sion when both signals did not meet the criteria. On the other
hand, there were cases where some transients were not entirely
filtered out causing spurious threshold crossing and shortening
event intervals. Humans would typically overlook these crossings,
especially if other signal cues suggested the AD event was occur-
ring. In summary, the algorithm showed good agreement with
humanly identified events and provided a repeatable method for
determining number of AD events, not dependent on human sub-
jectivity or variability, and thus a useful tool when large amounts
of data are available.

Although we found that daily GBP after SCI insignificantly
elevated both MAP and HR values compared to daily saline treat-
ment, notably between 1 and 2 weeks post-injury, in the current
study design we did not include a sham injured GBP-treated
group to determine its influences on MAP and HR compared
to sham injured vehicle-treated rats. Importantly, however, we
did analyze pre-injury data for each animal, which served as
internal baseline controls for all cardiophysiological outcome
measures in both injured treatment groups. Accordingly, such
controls ensured reliability and validity of spectral analyses. The
loss in the MAP fluctuations in the mid frequency range after
SCI were shown to be significant, as demonstrated by the PSD
comparisons of Figure 6. This strongly suggests that the regula-
tory mechanisms lost after SCI generate MAP fluctuations with
periods on the order of 1.25-5s (0.2-0.8 Hz). It is worth not-
ing that comparison of spectra before and 18 days post-injury
(Figure 6A) showed differences in the Mid frequency range, a
region that has been associated in rat with sympathetically medi-
ated effects upon blood pressure variability (Brown et al., 1994;
Julien et al., 2003). Importantly, similar blood pressure fluctua-
tions must occur within many intervals used in PSD estimation
to detect such events. In other words, the blood pressure signals
from the AD events were not sufficiently stationary to emerge in
the spectral analysis and, accordingly, such analyses were blind to
sparse transient events that we defined as AD. This stresses the
importance and significance of detecting transient irregular AD
events independently of spectral analysis, since frequency domain
analyses are restricted to identify activity that is persistent over the
observation epoch. Such analyses do indicate, therefore, that GBP
does not affect the persistent dynamics of MAP related to SCI.

In summary, we designed a preclinical study to develop a treat-
ment for chronic SCI individuals who continually suffer from
secondary complications, notably abnormal muscle spasms and
autonomic spinal reflexes. There is currently no pharmaceutical
intervention which is known to effectively attenuate neuropathic
pain as well as the manifestation of both muscular spasticity and
AD after chronic SCI. While the clinical significance of the per-
sistent MAP fluctuations associated with SCI is unclear, transient
AD events directly impact the individual with SCI and, therefore,
analyses directed at detecting and characterizing these event are
critical for assessing treatments for SCI patients. Consequently,
this quantitative experimental study was requisite to establish
proof-of-principle prior to direct clinical application employing
a two-pronged approach designed to alleviate dissimilar aberrant
neurologic reflexes with a single drug, GBP. Such preclinical data
appears to support the novel indication of GBP for the treatment
and maintenance of both spasticity and AD following SCI.
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by these authors that the isolated spinal cord is unable to gener-
ate cutaneous sympathetic responses. Unlike the poor sudomotor
responses, assessment of cutaneous vasomotor responses provides
a very robust measure of the state of the sympathetic nervous
system below lesion; moreover, one can plot the time course of
the vasoconstrictor response by measuring the fall in cutaneous
perfusion with every heart beat; this is a proxy marker of skin
blood flow. We measured sudomotor and vasomotor responses,
together with continuous blood pressure and heart rate, in another
study from our laboratory that specifically targeted autonomic
dysreflexia using non-noxious stimulation in a clinical setting.
In six quadriplegic (C3—-C7) and four paraplegic (T3-T6) men,
vibroejaculation — brought about by vibration of the penis — was
performed as a means of assessing fertility (Brown et al., 2009b).
This is an inherently dangerous procedure, given the risks of
triggering autonomic dysreflexia (Brackett et al., 1998); that the
dysreflexia is abolished by anesthetic block of the dorsal penile
nerve indicates that the increase in blood pressure is brought
about by a somatosympathetic reflex (Wieder et al., 2000). In our
study, vibration of the penis caused systolic pressure to increase
by 18-90 mmHg in the quadriplegics and by 15-25 mmHg in the
paraplegics (Brown et al., 2009b). Skin blood flow also fell during
vibration, again representing an apparently generalized constric-
tion of all blood vessels below lesion. Importantly, there was an
inverse relationship between blood pressure and skin blood flow
below the lesion, but a poor relationship between the clinical signs
and the observed increase in blood pressure: some individuals
reported severe headaches with reflex increases in systolic pres-
sure of 35 mmHg, whereas others had no headache or other signs
despite increases in systolic pressure exceeding 50 mmHg. For the
sake of the current discussion, what is also important to recognize
is that vibration of the penis is a non-noxious stimulus, one that
generates marked somatosympathetic reflexes.

SOMATOSYMPATHETIC REFLEXES TO NOXIOUS INPUTS IN
HUMAN SPINAL CORD INJURY

We recently showed that selective stimulation of muscle nocicep-
tors, induced by bolus intramuscular injection of hypertonic saline
into the leg of awake human subjects, caused a strong, dull ache
that lasted ~8 min and produced an increase in MSNA and modest
increase in blood pressure and heart rate; these followed the time
course of the subjective report of pain (Burton et al., 2009a). Con-
versely, SSNA showed only a transient increase, associated with a
fall in skin blood flow, which we believe is simply a reflection of
the alerting (arousal) response to the pain (Burton et al., 2009b).
Interestingly, when similar injections were made into the legs of
people with SCI (i.e., below the level of the lesion) the predicted
increases in blood pressure and decreases in skin blood flow did
not occur; in fact, there was a slight fall in blood pressure (Burton
et al., 2008). Figure 2 compares the changes in cutaneous vaso-
constriction, blood pressure, and heart rate to noxious stimulation
(produced by intramuscular injection of hypertonic saline below
lesion) and innocuous stimulation (produced by low-intensity
electrical stimulation over the abdominal wall) in patients with
SCI. It is also worth pointing out that the absence of any sustained
cutaneous vasoconstriction to noxious stimulation argues against
the idea that an ongoing noxious stimulus would, via a spinal

heart
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volume
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FIGURE 2 | Mean changes (+SE) in blood pressure, heart rate, and
cutaneous vasoconstriction in the toes during innocuous stimulation
(electrical stimulation of the abdominal wall with a 1s 20 Hz train;
n=12) or noxious stimulation (intramuscular injection of 1ml
hypertonic saline into tibialis anterior; n=12) below lesion in patients
with spinal cord injury. Data combined from Brown et al. (2007) and
Burton et al. (2008).

reflex, cause prolonged decreases in skin blood flow and thereby
compromise wound healing.

Based on the above observations in able-bodied subjects, we
now believe that the increase in sympathetic vasoconstrictor drive,
and the resultant increase in blood pressure, evoked by noxious
stimuli reflect part of the affective responses to pain, and are related
to the emotional quality of the pain rather than to any spinal
reflex. Indeed, brain imaging during intramuscular injection of
hypertonic saline has revealed discrete activation of cortical areas
involved in the affective responses to pain — the subgenual anterior
cingulate and insular cortices — as well as the primary somatosen-
sory cortex (Henderson et al., 2006). That selective stimulation
of nociceptors in skin or muscle below lesion does not cause
vasoconstriction or increases in blood pressure goes against exist-
ing dogma, in which autonomic dysreflexia is believed to be, in
many cases, triggered by noxious inputs below the lesion (Karls-
son, 1999). Indeed, here is a common definition found in the
literature for the cause of autonomic dysreflexia: “...any stimu-
lus that might cause pain in a person without spinal cord injury is
capable of triggering autonomic dysreflexia” (Blackmer, 2003; Sel-
cuk et al., 2004). Moreover, stimuli that would undoubtedly be
noxious in intact individuals often fail to induce autonomic dys-
reflexia in those with SCI. For example, although pressure ulcers
may be quite painful in intact individuals (Roth et al., 2004), and
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there are reported cases of autonomic dysreflexia being associ-
ated with pressure sores (Teasell et al., 2000), clinical experience
does not support the concept that most spinal patients who have
pressure ulcers consistently and continually suffer from constant
autonomic dysreflexia — the presence of an assumed continu-
ous nociceptive stimulus does not necessarily translate into a
continual hypertensive state. Another example from our clini-
cal experience: a patient with T6 complete lesion and a known
clinical history of autonomic dysreflexia experienced a spiral frac-
ture of his right femur after a fall. Despite his predisposition to
autonomic dysreflexia, regular observations of heart rate, and
blood pressure were stable following the fall and he did not
experience any symptoms of autonomic dysreflexia following the
fracture.

PLASTIC CHANGES IN THE SPINAL CORD FOLLOWING
SPINAL CORD INJURY

While SCI makes it easier to see spinal somatosympathetic reflexes
in human subjects, are there changes in the spinal circuitry respon-
sible for these reflexes following SCI? This is difficult to answer,
because any reflexly generated increase in sympathetic vasocon-
striction would be buffered by the baroreflex in intact individuals.
We know that electrical stimulation of the abdominal wall (or
anywhere on the body surface) in intact individuals causes cuta-
neous vasoconstriction and sweat release, but this does not mean
it is spinally generated; conversely, the vasoconstrictor response to
such stimulation in spinal patients can only be spinally mediated.
Moreover, the fact that noxious stimulation below lesion — pro-
duced by intramuscular or subcutaneous injection of hypertonic
saline — causes no cutaneous vasoconstriction, no sweat release,
no increase in blood pressure, and no decrease in heart rate indi-
cates that the increase in muscle and cutaneous sympathetic nerve
activity produced by these stimuli in intact individuals is gener-
ated supraspinally. It is quite possible that the spinally mediated
increase in sympathetic outflow to somatosensory stimulation
following SCI is exaggerated: we know that the duration of the
cutaneous vasoconstriction is increased in human SCI (Brown
etal.,2007,2009a), but this may well reflect an augmented periph-
eral — as opposed to central — response. Indeed, in the spinal rat
blood vessels show an increased reactivity to direct stimulation
of the vasomotor nerves (Yeoh et al., 2004a,b; Brock et al., 2006;
McLachlan and Brock, 2006; Rummery et al., 2010). It is now
believed that neurovascular transmission is potentiated by both
an increase in neurotransmitter release and a reduction in nora-
drenaline reuptake, depending on the vessel (Brock et al., 2006;
McLachlan, 2007; Rummery et al., 2010). So, while this can be

REFERENCES

interpreted as a reflection of “peripheral plasticity” following SCI,
we are still left with the question as to whether there are plastic
changes centrally.

Studies conducted in experimental animals have demonstrated
anatomical changes in preganglionic neurons following a SCI —
an initial loss but subsequent regrowth of synapses (Krassioukov
and Weaver, 1995, 1996) — and plastic changes in the strength
of the synaptic connections between preganglionic and postgan-
glionic sympathetic neurons following section of the axons of
preganglionic neurons: those neurons that remain exhibit exten-
sive collateral sprouting (Murray and Thompson, 1957; Liestol
et al., 1987). Moreover, by removing all but one set of segmental
inputs to a paravertebral ganglion one can demonstrate plastic
changes in synaptic strength over time: immediately following
surgery strong synaptic inputs were present on only 10% of the
postganglionic neurons, whereas after several weeks the number
of these synapses had increased to some 70% (Ireland, 1999). This
indicates that the residual preganglionic neurons had sprouted and
formed strong synaptic connections, even on neurons that had
been completely deprived of synaptic drive by the lesion. Indeed,
it has been argued that formation of aberrant strong inputs may
contribute to the exaggerated vasoconstrictor responses to sensory
inputs below lesion in SCI (McLachlan, 2007), and evidence from
rats has shown that sprouting of small-diameter primary affer-
ent neurons occurs within the spinal cord following a severe but
not a mild compression injury of the midthoracic cord (Weaver
et al., 2001). Moreover, the magnitude of the autonomic dysre-
flexia induced by colonic distension is related to the degree of
primary afferent sprouting (Weaver et al., 2001), and dysreflexia
can be abolished by blocking this sprouting (Krenz et al., 1999). It
is highly likely that such plastic changes, both afferent and efferent,
also occur within the spinal cord in human SCI.

CONCLUSION

We conclude that robust somatosympathetic reflexes can be pro-
duced by innocuous stimuli below lesion in human SCI, whereas
specific activation of nociceptors below lesion does not generate
such reflexes. Not withstanding the importance of viscerosym-
pathetic reflexes, this argues against the existing clinical dogma
that autonomic dysreflexia is often triggered by noxious somatic
inputs originating below a spinal lesion. Moreover, the absence
of sustained cutaneous vasoconstriction to noxious inputs orig-
inating below a spinal lesion argues against the idea that an
ongoing noxious stimulus, such as that produced by a pressure
ulcer, would reduce skin blood flow and potentially compromise
wound healing.

of 653 trials

Alexander, M. S., Biering-Sorensen, E.,
Bodner, D., Brackett, N. L., Carde-
nas, D., Charlifue, S., Creasey, G.,
Dietz, V., Ditunno, J., Donovan, W.,
Elliott, S. L., Estores, 1., Graves, D.
E., Green, B., Gousse, A., Jackson,
A. B.,, Kennelly, M., Karlsson, A.
K., Krassioukov, A., Krogh, K., Lin-
senmeyer, T., Marino, R., Mathias,
C. J., Perkash, I., Sheel, A. W,
Schilero, G., Schurch, B., Sonksen,

]., Stiens, S., Wecht, J., Wuermser, L.
A., and Wyndaele, J. J. (2009). Inter-
national standards to document
remaining autonomic function after
spinal cord injury. Spinal Cord 47,
36-43.

Arnold, J. M., Feng, Q. P, Delaney, G.
A., and Teasell, R. W. (1995). Alpha-
adrenoceptor hyperresponsiveness
in quadriplegic patients with auto-
nomic dysreflexia. Clin. Auton. Res.
5,267-270.

Beacham, W. S., and Perl, E. R. (1964).
Characteristics of a spinal sympa-
thetic reflex. J. Physiol. Paris 173,
431-448.

Blackmer, J. (2003). Rehabilitation
medicine: 1. Autonomic dysre-

flexia. Can. Med. Assoc. J. 169,
931-935.

Brackett, N. L., Ferrel, S. M.,
Aballa, T. C., Amador, M. ],

Padron, O. FE, Sonksen, J., and
Lynne, C. M. (1998). An analysis

of penile vibra-
tory stimulation in men with
spinal cord injury. J. Urol. 159,
1931-1934.

Brock, J. A., Yeoh, M., and McLach-
lan, E. M. (2006). Enhanced neu-
rally evoked responses and inhi-
bition of norepinephrine reup-
take in rat mesenteric arteries
after spinal transection. Am. J.
Physiol. Heart Circ. Physiol. 290,
H398-H405.

Frontiers in Physiology | Integrative Physiology

June 2012 | Volume 3 | Article 215 | 43


http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive

Macefield et al.

Somatosympathetic reflexes in human SCI

Brown, R., Burton, A. R., and Macefield,
V. G. (2009a). Input-output rela-
tionships of a somatosympathetic
reflex in human spinal cord injury.
Clin. Auton. Res. 19, 213-220.

Brown, R., Stolzenhein, G., Engel, S.,
and Macefield, V. G. (2009b). Cuta-
neous vasoconstriction as a measure
of incipient autonomic dysreflexia
during penile vibratory stimulation
in spinal cord injury. Spinal Cord 47,
538-544.

Brown, R., Engel, S., Wallin, B. G., Elam,
M., and Macefield, V. G. (2007).
Assessing the integrity of sympa-
thetic pathways in spinal cord injury.
Auton. Neurosci. 134, 61-68.

Brown, R., and Macefield, V. G. (2008).
Assessing the capacity of the sympa-
thetic nervous system to respond to
a cardiovascular challenge in human
spinal cord injury. Spinal Cord 46,
666—672.

Burton, A., Brown, R., and Macefield,
V. G. (2008). Selective activation of
muscle and skin nociceptors does
not trigger exaggerated sympathetic
responses in spinal injured subjects.
Spinal Cord 46, 660—-665.

Burton, A. R,, Birznieks, I., Bolton, P. S.,
Henderson, L. A., and Macefield, V.
G. (2009a). The effects of deep and
superficial experimentally-induced
acute pain on muscle sympathetic
nerve activity in human subjects. J.
Physiol. Paris 587, 183—193.

Burton, A. R., Birznieks, I., Spaak,
J., Henderson, L. A., and Mace-
field, V. G. (2009b). The effects of
deep and superficial experimentally-
induced acute pain on skin sym-
pathetic nerve activity in human
subjects. Exp. Brain Res. 195,
317-324.

Cariga, P, Catley, M., Mathias, C. J.,
Savic, G., Frankel, H. L., and Ellaway,
P. H. (2002). Organization of the
sympathetic skin response in spinal
cord injury. J. Neurol. Neurosurg.
Psychiatr. 72, 356-360.

Coote, J. H., and Downman, C. B. B.
(1966). Central pathways of some
autonomic reflex discharges. J. Phys-
iol. Paris 183,714-729.

Coote, J. H., Downman, C. B. B,, and
Weber, W. V. (1969). Reflex dis-
charges into thoracic white rami
elicited by somatic and visceral affer-
ent excitation. J. Physiol. Paris 202,
147-159.

Delius, W., Hagbarth, K. E., Hongell, A.,
and Wallin, B. G. (1972a). Manoeu-
vres affecting sympathetic outflow in
human muscle nerves. Acta Physiol.
Scand. 84, 82-94.

Delius, W., Hagbarth, K. E., Hongell, A.,
and Wallin, B. G. (1972b). Manoeu-
vres affecting sympathetic outflow

in human skin nerves. Acta Physiol.
Scand. 84, 177-186.

Fagius, J., and Karhuvaara, S. (1989).
Sympathetic activity and blood pres-
sure increases with bladder disten-
sion in humans. Hypertension 14,
511-517.

Fuhrer, M. J. (1975). Effects of stimulus
site on the pattern of skin conduc-
tance responses evoked from spinal
man. J. Neurol. Neurosurg. Psychiatr.
38, 749-755.

Gimovski, M. L., Ojeda, A., Ozaki, R.,
and Zerne, S. (1985). Management
of autonomic hyperreflexia associ-
ated with a low thoracic spinal cord
lesion. Am. J. Obstet. Gynecol. 153,
223-224.

Henderson, L. A., Bandler, R., Gandevia,
S. C., and Macefield, V. G. (2006).
Distinct forebrain activity patterns
during deep versus superficial pain.
Pain 120, 286-296.

Horeyseck, G., and Jinig, W. (1974).
Reflex activity in postganglionic
fibres within skin and muscle nerves
elicited by somatic stimuli in chronic
spinal cats. Exp. Brain Res. 21,
155-168.

Ireland, D. R. (1999). Preferential for-
mation of strong synapses during
re-innervation of guinea-pig sympa-
thetic ganglia. J. Physiol. Paris 520,
827-837.

Jénig, W., and Spilok, N. (1978). Func-
tional organization of the sym-
pathetic innervation supplying the
hairless skin of the hindpaws in
chronic spinal cats. Pflugers Arch.
377,25-31.

Karlsson, A.-K. (1999). Autonomic dys-
reflexia. Spinal Cord 37, 383-291.
Karlsson, A.-K. (2006). Autonomic dys-
function in spinal cord injury:
clinical presentation of symptoms
and signs. Prog. Brain Res. 152,

1-8.

Karlsson, A. K., Friberg, P, Lon-
nroth, P, Sullivan, L., and Elam,
M. (1998). Regional sympathetic
function in high spinal cord
injury during mental stress and
autonomic dysreflexia. Brain 121,
1711-1719.

Kerman, I. A., and Yates, B. J. (1999).
Patterning of somatosympathetic
reflexes. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 277, R716-R724.

Krassioukov, A. V., and Weaver, L. C.
(1995). Reflex and morphological
changes in spinal preganglionic neu-
rons after cord injury in rats. Clin.
Exp. Hypertens. 17, 361-373.

Krassioukov, A. V., and Weaver, L. C.
(1996). Morphological changes in
sympathetic preganglionic neurons
after spinal cord injury in rats. Neu-
roscience 70, 211-226.

Krenz, N. R., Meakin, S. O., Kras-
sioukov, A. V., and Weaver, L. C.

(1999). Neutralizing intraspinal
nerve growth factor blocks auto-
nomic  dysreflexia caused by

spinal cord injury. J. Neurosci. 19,
7405-7414.

Liestol, K., Maehlen, J., and Nja, A.
(1987). Two types of synaptic selec-
tivity and their interrelation during
sprouting in the guinea-pig superior
cervical ganglion. J. Physiol. Paris
384, 233-245.

Lin, C. S., Macefield, V. G., Elam, M.,
Wallin, B. G., Engel, S., and Kier-
nan, M. C. (2007). Axonal changes
in spinal cord injured patients dis-
tal to the site of injury. Brain 130,
985-994.

Linsenmeyer, T. A., Campagnolo, D. 1.,
and Chou, I. H. (1996). Silent auto-
nomic dysreflexia during voiding in
men with spinal cord injuries. J.
Urol. 155, 519-522.

Marino, R. J., Barros, T., Biering-
Sorensen, E, Burns, S. P, Dono-
van, W. H., Graves, D. E., Haak,
M., Hudson, L. M., and Priebe,
M. M. (2003). International stan-
dards for neurological classifica-
tion of spinal cord injury. J.
Spinal Cord Med. 26(Suppl. 1),
S50-S56.

Marsh, D. R., and Weaver, L. C. (2004).
Autonomic dysreflexia, induced by
noxious or innocuous stimulation,
does not depend on changes in dor-
sal horn substance p. J. Neurotrauma
21, 817-828.

Mathias, C. J., and Frankel, H. L. (2002).
“Autonomic disturbances in spinal
cord lesions,” in Autonomic Failure:
A Textbook of Clinical Disorders of
the Autonomic Nervous System, 4th
Edn, eds C. J. Mathias and R. Ban-
nister (New York: Oxford University
Press), 494-513.

Mathias, C. J, Frankel, H. L., Chris-
tensen, N. J., and Spalding, J. N. K.
(1976). Enhanced pressor response
to noradrenaline in patients with
cervical spinal cord transection.
Brain 99, 757-770.

McLachlan, E. M. (2007). Diversity of
sympathetic vasoconstrictor path-
ways and their plasticity after spinal
cord injury. Clin. Auton. Res. 17,
6-12.

McLachlan, E. M., and Brock, J.
A. (2006). Adaptations of periph-
eral vasoconstrictor pathways after
spinal cord injury. Prog. Brain Res.
152, 289-297.

McMullan, S., Pathmanandavel, K.,
Pilowsky, P. M., and Goodchild, A.
K. (2008). Somatic nerve stimula-
tion evokes qualitatively different
somatosympathetic responses in the

cervical and splanchnic sympathetic
nerves in the rat. Brain Res. 1217,
139-147.

Murray, J. G., and Thompson, J.
W. (1957). The occurrence and
function of collateral sprouting in
the sympathetic nervous system
of the cat. J. Physiol. Paris 135,
133-162.

Nicotra, A., Young, T. M., Asahina,
M., and Mathias, C. J. (2005).
The effect of different physiological
stimuli on skin vasomotor reflexes
above and below the lesion in
human chronic spinal cord injury.
Neurorehabil. Neural Repair 19,
325-331.

Ogura, T., Kubo, T., Lee, K, and
Katayama, Y. (2004). Sympathetic
skin responses in patients with spinal
cord injury. J. Orthop. Surg. 12,
35-39.

Reitz, A., Schmid, D. M., Curt, A,
Knapp, P. A., and Schurche, B.
(2003).  Autonomic  dysreflexia
in response to pudendal nerve
stimulation.  Spinal  Cord 41,
539-542.

Roth, R. S., Lowery, J. C., and Hamill, J.
B. (2004). Assessing persistent pain
and its relation to affective distress,
depressive symptoms, and pain cata-
strophizing in patients with chronic
wounds: a pilot study. Am. J. Phys.
Med. Rehab. 83, 827-834.

Rummery, N. M, Tripovic, D., McLach-
lan, E. M., and Brock, J. A.
(2010). Sympathetic vasoconstric-
tion is potentiated in arteries caudal
but not rostral to a spinal cord tran-
section in rats. J. Neurotrauma 27,
2077-2089.

Saper, C. B., and DeMarchena, O.
(1986). Somatosympathetic reflex
unilateral sweating and pupillary
dilatation in a paraplegic man. Ann.
Neurol. 19, 389-390.

Sato, A., and Schmidt, R. F. (1971).
Spinal and supraspinal compo-
nents of the reflex discharges
into lumbar and thoracic white
rami. J.  Physiol. 212,
839-850.

Sato, A., and Schmidt, R. F (1973).
Somato-sympathetic reflexes: affer-
ent fibres, central pathways, dis-
charge characteristics. Physiol. Rev.
53,916-947.

Selcuk, B., Inanir,
A., Sulubut, N.,
M. (2004). Autonomic  dys-
reflexia after intramuscular
injection in traumatic tetraple-
gia. Am. J. Phys. Med. Rehabil. 83,
61-64.

Stjernberg, L., Blumberg, H., and
Wallin, B. G. (1986). Sympathetic
activity in man after spinal cord

Paris

M., Kurtaran,
and Akyuz,

www.frontiersin.org

June 2012 | Volume 3 | Article 215 | 44


http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

Macefield et al.

Somatosympathetic reflexes in human SCI

injury. Outflow to muscle below the
lesion. Brain 109, 695-715.

Teasell, R. W, Arnold, J. M. O,
Krassioukov, A., and Delaney, G.
A. (2000). Cardiovascular conse-
quences of loss of supraspinal con-
trol of the sympathetic nervous sys-
tem after spinal cord injury. Arch.
Phys. Med. Rehabil. 81, 506-516.

Wallin, B. G., and Stjernberg, L. (1984).
Sympathetic activity in man after
spinal cord injury. Outflow to
skin below the lesion. Brain 107,
183-198.

Weaver, L. C., Verghese, P, Bruce, J.
C., Fehlings, M. G., Krenz, N. R,
and Marsh, D. R. (2001). Autonomic
dysreflexia, and primary afferent

sprouting after clip-compression
injury of the rat spinal cord. J. Neu-
rotrauma 18, 1107-1119.

Wieder, J. A., Brackett, N. L., Lynne, C.
M., Green, J. T, and Aballa, T. C.
(2000). Anesthetic block of the dor-
sal penile nerve inhibits vibratory-
induced ejaculation in men with
spinal cord injuries. Urology 55,
915-917.

Yeoh, M., McLachlan, E. M., and
Brock, J. A. (2004a). Tail arteries
from chronically spinalized rats have
potentiated responses to nerve stim-
ulation in vitro. J. Physiol. Paris 556,
545-555.

Yeoh, M., McLachlan, E. M., and
Brock, J. A. (2004b). Chronic

decentralization potentiates neu-
rovascular transmission in the iso-
lated rat tail artery, mimicking the
effects of spinal transection. J. Phys-
iol. Paris 561, 583-596.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 04 March 2012; paper pend-
ing published: 18 April 2012; accepted:
30 May 2012; published online: 25 June
2012.

Citation: Macefield VG, Burton AR
and Brown R (2012) Somatosympa-
thetic vasoconstrictor reflexes in human
spinal cord injury: responses to innocu-
ous and mnoxious sensory stimulation
below lesion. Front. Physio. 3:215. doi:
10.3389/fphys.2012.00215

This article was submitted to Frontiers
in Integrative Physiology, a specialty of
Frontiers in Physiology.

Copyright © 2012 Macefield, Burton and
Brown. This is an open-access article
distributed under the terms of the Cre-
ative Commons Attribution Non Com-
mercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.

Frontiers in Physiology | Integrative Physiology

June 2012 | Volume 3 | Article 215 | 45


http://dx.doi.org/10.3389/fphys.2012.00215
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive
http://creativecommons.org/licenses/by-nc/3.0/



http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00277/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=GregoryHolmes_1&UID=42634
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00277
http://dx.doi.org/10.3389/fphys.2012.00277
http://dx.doi.org/10.3389/fphys.2012.00277
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00309/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=EdgarWalters&UID=17304
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00309
http://dx.doi.org/10.3389/fphys.2012.00309
http://dx.doi.org/10.3389/fphys.2012.00309
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00028/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=45266&d=2&sname=DayaGupta&name=Medicine
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=41947&d=1&sname=CharlesHubscher&name=Science
mailto:chhubs01@louisville.edu
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://rsbweb.nih.gov/ij/plugins/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.1186/1471-2202-11-139
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00028
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=OrionFurmanski&UID=50474
http://www.frontiersin.org/people/ShyamGajavelli/50815
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JacquelineSagen&UID=44695
mailto:jsagen@miami.edu
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00167
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00112/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=RolandRoy&UID=49626
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ReggieEdgerton&UID=16296
mailto:vre@ucla.edu
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00112
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00399/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=AdamFerguson&UID=42649
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JHuie&UID=48509
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=EricCrown&UID=50000
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=KyleBaumbauer&UID=61566
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MichelleHook&UID=48673
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=SandraGarraway&UID=48647
http://community.frontiersin.org/people/KuanLee/52622
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=KevinHoy&UID=52173
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JamesGrau&UID=3669
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00399
http://dx.doi.org/10.3389/fphys.2012.00399
http://dx.doi.org/10.3389/fphys.2012.00399
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00396/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=AdamFerguson&UID=42649
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JHuie&UID=48509
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=EricCrown&UID=50000
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JamesGrau&UID=3669
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00396
http://dx.doi.org/10.3389/fphys.2012.00396
http://dx.doi.org/10.3389/fphys.2012.00396
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00262/abstract
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00262/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JamesGrau&UID=3669
http://www.frontiersin.org/people/JHuie/48509
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=SandraGarraway&UID=48647
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MichelleHook&UID=48673
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=EricCrown&UID=50000
http://www.frontiersin.org/people/KyleBaumbauer/61566
http://www.frontiersin.org/people/KuanLee/52622
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=KevinHoy&UID=52173
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=AdamFerguson&UID=42649
mailto:j-grau@tamu.edu
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/neuro.02.001.2010
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.1371/journal.pone.0039751
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00262
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00258/abstract
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00258/abstract
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00258/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ProdipBose&UID=48556
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JiameiHou&UID=48688
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=FloydThompson&UID=44706
mailto:{prodip.bose@va.gov}; {bose@mbi.ufl.edu}
mailto:{prodip.bose@va.gov}; {bose@mbi.ufl.edu}
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00258
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology/
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00100/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=DinaConde&UID=46202
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=BarryKomisaruk&UID=46182
mailto:brk@psychology.rutgers.edu
http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology/
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology/
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology/
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00100
http://dx.doi.org/10.3389/fphys.2012.00100
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00330/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Marie_PascaleCote&UID=44611
http://community.frontiersin.org/people/MeganDetloff/50758
http://community.frontiersin.org/people/JohnHoule/6398
mailto:marie-pascale.cote@drexelmed.edu
mailto:marie-pascale.cote@drexelmed.edu
www.sci-info-pages.com
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



www.magstim.com
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00330
http://dx.doi.org/10.3389/fphys.2012.00330
http://dx.doi.org/10.3389/fphys.2012.00330
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00478/abstract
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00478/abstract
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00478/abstract
http://www.frontiersin.org/Integrative_Physiology/10.3389/fphys.2012.00478/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MatthewHougland&UID=58143
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=BenHarrison&UID=61672
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=DavidMagnuson&UID=63867
http://www.frontiersin.org/people/EricRouchka/37333
http://www.frontiersin.org/people/JeffreyPetruska/27547
mailto:j.petruska@louisville.edu
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://mousespinal.brain-map.org
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00399
http://dx.doi.org/10.3389/fphys.2012.00396
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.3389/fphys.2012.00262
http://dx.doi.org/10.1186/1471-2199-11-95
http://dx.doi.org/10.1186/1471-2199-11-95
http://dx.doi.org/10.3389/{\penalty -\@M }fnins.2012.00030
http://dx.doi.org/10.3389/{\penalty -\@M }fnins.2012.00030
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.1371/journal.pone.0019247
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.1186/1471-2474-11-181
http://dx.doi.org/10.1371/journal.pone.0003652
http://dx.doi.org/10.1371/journal.pone.0011109
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive



http://dx.doi.org/10.1371/journal.pone.0033730
http://dx.doi.org/10.3389/{\penalty -\@M }fphys.2012.00309
http://dx.doi.org/10.3389/{\penalty -\@M }fphys.2012.00309
http://dx.doi.org/10.3389/fphys.2012.00478
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

	Cover

	Frontiers copyright statement

	Plasticity of primary afferent neurons and sensory processing after spinal cord injury

	Table of contents

	Challenges and opportunities of sensory plasticity after SCI
	Post-SCI Autonomic Dysfunctions
	Pain Mechanisms and Treatment
	Effects of Post-SCI Training
	Mechanisms Regulating Spinal Learning
	Effects of SCI on Neural Tissue Remote from the Injury
	References

	Plasticity of TRPV1-expressing sensory neurons mediating autonomic dysreflexia following spinal cord injury
	Introduction
	Materials and Methods
	Spinal cord injury surgery
	Post-operative animal care
	Survival times
	Intrathecal capsaicin injection
	Cardiovascular assessment
	Tissue processing and immunohistochemistry
	Cardiovascular data analysis
	Image analysis
	Statistics

	Results
	Complete high-thoracic spinal cord injury provoked hypertrophy in sensory neurons that express the capsaicin receptor
	Spinal cord injury-induced hypertrophy was most pronounced in lumbosacral sensory ganglia
	Capsaicin-sensitive afferents hypertrophied and upregulated the capsaicin receptor after spinal cord injury
	Injury-induced hypertrophy was modest after low-thoracic spinal cord injury
	Dramatic somatic hypertrophy in capsaicin-sensitive afferents was not reflected in plasticity of their central projections
	Intrathecal capsaicin attenuated colo-rectal distension-induced autonomic dysreflexia

	Discussion
	Spinal cord injury-induced hypertrophy was restricted to a subset of capsaicin-sensitive neurons
	Spinal cord injury-induced hypertrophy was particularly dramatic in caudal ganglia, far distal to injury
	Injury-induced hypertrophy was not accompanied by pronounced intraspinal sprouting
	Injury-induced hypertrophy was more pronounced after high-thoracic than low-thoracic spinal cord injury
	Capsaicin-sensitive afferents contributed substantially to colo-rectal distension-induced autonomic dysreflexia

	Conclusion
	Acknowledgments
	References

	Effects of gabapentin on muscle spasticity and both induced as well as spontaneous autonomic dysreflexia after complete spinal cord injury
	Introduction
	Materials and Methods
	Surgical Methods; Implantation of Blood Pressure Telemetry Devices in Descending Aorta
	Surgical Methods; Spinal Cord Injury
	Telemetric Monitoring of Blood Pressure Before and After SCI
	Behavioral Assessment for Spasticity in the Tail Muscles
	Drug Administration
	Detecting Spontaneous Incidences of Autonomic Dysreflexia
	Spectral Analysis
	Spinal Cord Tissue Processing and Histology
	Statistics
	Validation of Algorithm

	Results
	Effects of Daily GBP Treatment on Resting Blood Pressure and Heart Rate
	Acute, not Chronic GBP Treatment Reduces Induced Autonomic Dysreflexia and Tail Muscle Spasticity
	Effect of Daily GBP Treatment on the Incidence of Spontaneous Autonomic Dysreflexia
	Spectral Analysis of Blood Pressure

	Discussion
	Acknowledgments
	References

	
	Introduction
	
	
	
	
	
	
	
	

	Upper gastrointestinal dysmotility after spinal cord injury: is diminished vagal sensory processing one culprit?
	Introduction
	Neural Control of Upper Gastrointestinal Function
	Vagal Afferent Signaling
	Vagal Efferent Signaling

	Upper Gi Dysfunction After Human Sci
	Esophageal Function
	Gastric Function
	Proximal Duodenal Function

	Upper Gastrointestinal Dysfunction in Experimental Models of Sci
	Is Diminished Vagal Sensory Processing One Culprit?
	Neuroplasticity in the Brain-Gut Axis
	Future Directions
	Translational Perspective

	Acknowledgments
	References

	Nociceptors as chronic drivers of pain and hyperreflexia after spinal cord injury: an adaptive-maladaptive hyperfunctional state hypothesis
	Introduction
	Central Neuropathic Pain Involves Many Mechanisms, Some of Which May Involve Enhanced Activity in Primary Afferent Neurons
	SCI Alters Central and Peripheral Branches of Primary Nociceptors
	SCI Induces Persistant Spontaneous Activity (SA) In Nociceptor Somata
	SCI Induces a Discrete Hyperexcitable/Spontaneously Active (HSA) State in Nociceptor Somata
	SA in Nociceptor Somata is Correlated With and May Help Drive Pain-Related Behavior After SCI
	Persistent Nociceptor Alterations are Hypothesized to be Triggered by Somal Integration of Central and Local Information that Indicates Severe Injury
	Central Inflammatory Signals are Hypothesized to Provide Injury-Related Information to Nociceptors
	Retrograde Signals from Intensely Activated Postsynaptic Neurons in the Dorsal Horn are Hypothesized to Provide Injury-Related Information to Nociceptors
	Extracellular Chemical Signals Within the DRG are Hypothesized to Provide Injury-Related Information to Nociceptors
	Several Mechanisms are Hypothesized to Maintain the Nociceptor Hyperfunctional State
	SCI is Hypothesized to Cause Maladaptive Activation of a Nociceptor Hyperfunctional State That May be Biologically Adaptive After Severe Peripheral but not Central Injury
	The Nociceptor Soma can be a Site for the Generation of Adaptive Electrical Activity
	Nociceptor SA may be a Useful Target for Treating Pain and Hyperreflexia After SCI
	Acknowledgments
	References

	Estradiol treatment prevents injury induced enhancement in spinal cord dynorphin expression
	Introduction
	Materials and methods
	EB treatment
	Contusion Injury
	Behavioral Measurements
	Tissue Processing
	Western Blot
	Immunohistochemistry
	Electron Microscopy
	Statistical Analysis

	Results
	Severity of Injury
	Systemic EB levels after Subcutaneous Pellet Treatment
	Beneficial effect of systemic EB treatment on pain-like behavior in SCI rats
	The Western Blot Study of PRDN and KOR-P Expression at Level
	The Immunohistochemical Study of PRDN Expression at Level
	Electron microscopic Study of PRDN-, VGLUT2-IR Expression
	PRDN Expression in Superficial (I–II) vs. Deeper laminae (III–X)

	Discussion
	Expression of PRDN and KOR-P
	PRDN expression enhances neuronal excitability via non-opioid mechanisms
	Possible attenuation of opioid effect in models with dynorphin upregulation
	Other benefits of EB treatment

	Acknowledgments
	References

	Predifferentiated GABAergic neural precursor transplants for alleviation of dysesthetic central pain following excitotoxic spinal cord injury
	Introduction
	Materials and methods
	Animals
	Quisqualic acid lesion
	Overgrooming behavior and Overgrooming area measurements
	Isolation of neural progenitor cells
	In vitro partial differentiation of rat embryonic cortical precursor cells into GABA-immunoreactive cell type
	In vitro quantitation of GABA concentration secreted by the embryonic precursor neurospheres
	Transplantation of predifferentiated GABA-immunoreactive embryonic precursor cells or control bovine fibroblast cells in QUIS rats
	In vitro and spinal cord immunohistochemistry
	Microscope and Image capturing
	Stereological Analysis
	Statistical Analysis

	Results
	Spinal cord histology following QUIS lesion
	Changes in GABA, glycine, and VIAAT following QUIS lesion
	Time course of changes in GABA immunoreactivity from isolated embryonic cortical precursor cells
	In vitro analysis of FGF-2 predifferentiated neurospheres
	In vitro quantitation of GABA release from predifferentiated embryonic precursor cells
	Changes in overgrooming area following transplantation of GABAergic precursor cells
	Identification of GABA-IR NPCs in the spinal cord of QUIS-lesioned animals
	In vivo differentiation of embryonic GABA-IR NPCs
	Stereological quantitation of GABA-IR cells in the QUIS spinal cord

	Discussion
	Acknowledgments
	References

	Accommodation of the spinal cat to a tripping perturbation
	Introduction
	Materials and methods
	Experimental design
	Intramuscular EMG implants
	Spinal cord transection
	Animal care procedures
	Animal testing
	Data recording
	Data analysis
	Statistical analyses

	Results
	Adaptation in joint kinematics during the trip response
	Increases in mean step height during the release steps after a single, short, or long bout of trip steps
	Impact force on the trip rod decreases with consecutive sequences
	Modulation in the EMG patterns during trip-release sequences

	Discussion
	Acknowledgments
	References

	Maladaptive spinal plasticity opposes spinal learning and recovery in spinal cord injury
	Introduction
	Cellular and Electrophysiological Evidence for Synaptic Plasticity in the Spinal Cord
	Spinal Cord Learning and Memory
	Stimulation Parameters for Modulating Spinal Learning
	Cellular and Molecular Mechanisms Dictating Spinal Learning
	Implications for Rehabilitation after Spinal Cord Injury
	Summary
	Acknowledgments
	References

	Central nociceptive sensitization vs. spinal cord training: opposing forms of plasticity that dictate function after complete spinal cord injury
	Introduction
	Materials and Methods
	Animals
	Spinal Cord Transection and Intrathecal CannulaInsertion
	Behavioral Apparatus
	Spinal Learning Paradigm
	Master/Yoked Training Procedures
	Intradermal Formalin
	Tactile Testing
	Intrathecal NMDA Delivery
	Statistics

	Results
	Irritant-Induced Sensitization of Tactile Sensitivity Below Complete SCI
	Spinal Training History Affects Irritant Response in Complete SCI
	Formalin Nociception Produces Impairment in Spinal Learning on the Contralateral Leg
	Central activation of spinal NMDA receptors produces enduring spinal learning impairments in SCI animals

	Discussion
	Acknowledgments
	References
	Appendix

	
	
	
	
	
	
	
	

	
	
	
	

	
	
	
	
	References

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	

	
	

	
	
	
	
	
	

	
	References

	A neuroanatomical correlate of sensorimotor recovery in response to repeated vaginocervical stimulation in rats
	References
	Acknowledgments
	Acute VCS
	Statistical analysis
	Experiment 2. Does daily repeated VCS induce sprouting in genital primary afferent nerve terminals?
	Subjects
	Groups
	Pelvic nerve transection and pelvic nerve dip
	Perfusion and tissue preparation
	Horseradish peroxidase histochemistry
	Statistical analysis

	Results
	Experiment 1. Evidence that daily repeated VCS increases the inhibitory effect of VCS on tail flick
	Experiment 2. Effect of unilateral nerve transection and daily repeated VCS on HRP labeling of pelvic nerve terminals
	Evidence that daily repeated VCS increases HRP labeling

	Discussion

	TFL test
	Sham neurectomy
	Introduction
	Materials and methods
	Behavioral testing
	Experiment 1. Does daily repeated VCS in genital unilateral-neurectomized rats increase its inhibitory effect on TFL?
	Subjects
	Groups
	Surgery
	Unilateral hypogastric neurectomy
	Unilateral pelvic neurectomy

	Unilateral pudendal neurectomy


	Plasticity in ascending long propriospinal and descending supraspinal pathways in chronic cervical spinal cord injured rats
	Introduction
	Materials and Methods
	Surgical Procedures and Post-Operative Care
	Behavioral Assessments
	Open field locomotion
	CatWalk locomotion

	Electrophysiological Assessments using Magnetic Stimulation: Inter-Enlargement Responses and Motor-Evoked Potentials
	H-reflex Recordings and Analysis
	Lesion Analysis
	Statistical Analysis

	Results
	Anatomical and Behavioral Measures
	Transmission in Ascending Inter-Enlargement Pathways is Enhanced on the Ipsilesional Side after Incomplete SCI
	Transmission in Descending Pathways is Impaired on the Ipsilesional Side after Incomplete SCI
	The Frequency-Dependent Depression of the H-reflex after Unilateral SCI is Impaired in both Forelimbs but not in the Hindlimbs
	Contributions of Spared white Matter to MMEP and MIER Responses

	Discussion
	Increased Transmission in Ascending Long Propriospinal Fibers
	Decreased Transmission in Descending Motor Pathways
	Excitability of Local Cervical Spinal Networks

	Summary
	Acknowledgments
	References

	
	
	Materials and methods
	
	
	
	

	
	
	

	

	
	
	
	
	
	
	
	Coordinated expression of neurotrophins and Trk receptors in DRG and spinal cord 12 weeks post injury
	

	
	
	
	

	
	
	References




