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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 SCI-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 SCI-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 et al., 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
et al., 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

and pattern of activity can “fall out of tune” (e.g., Lundbye-
Jensen and Nielsen, 2008). Also, growth of nociceptive afferent
terminals within the cord contributes to AD (e.g., Cameron
et al., 2006; Brown and Weaver, 2012). However, repeti-
tive natural stimulation, determined to be accompanied by
intraspinal sprouting of afferents, reduces nociceptive reflexes
(Conde and Komisaruk, 2012). Collectively this suggests that
the functional outcome of intraspinal afferent growth may be
dependent on the pattern of information carried by those
afferents and the context of the intraspinal growth. Perhaps
intraspinal growth that is uncoupled from specific patterned
input becomes maladaptive, while growth associated with pat-
terned input is associated with adaptive outcomes [Conde
and Komisaruk, 2012; Ferguson et al., 2012a,b; Grau et al.,
2012; and discussed in Petruska et al. (2007) and Maier et al.
(2009)].

EFFECTS OF SCI ON NEURAL TISSUE REMOTE FROM
THE INJURY
Considering points of similarity and difference among exper-
imental observations makes it clear that many characteristics
of the injury model can have significant impact on the out-
comes being measured (e.g., Cote et al., 2012; Hougland et al.,
2012). Injury to one part of the spinal cord can have signif-
icant impact on systems that were not directly affected (Cote
et al., 2012). The nervous system is particularly susceptible to
such bystander effects because of the close physical proximity of
neurons involved in diverse functions and the array of circuit
interconnections, some of which may not be obvious until there
is an injury. It is therefore beneficial to consider multiple ele-
ments of a system (such as examining sensory neurons and the
spinal cord together when considering sensorimotor responses to
SCI), as they can act differently in response to the same injury
(Hougland et al., 2012).

The SCI condition involves pathologies beyond the spinal
cord itself and the spinal cord disconnected from the brain
can still generate output which relies heavily on the input
it receives from the periphery. Understanding the status of
the afferents providing input to the spinal cord and brain-
stem is of paramount importance. If the “below-level” spinal
cord and the post-SCI vagal system are to be maintained in
a healthy condition, then we must understand the vital roles
that gateway primary afferent neurons play in both acute and
chronic post-SCI pathologies in order to prevent sensory-based
pathologies and direct these neurons to enhance recovery of
function.
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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 SCI.

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/GFRα3 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
et al., 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
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CNS may represent a new and more accessible target for limiting
sensory-autonomic dysfunction following SCI.

ACKNOWLEDGMENTS
We gratefully acknowledge the support of the Heart and Stroke
Foundation (HSF) of British Columbia and the Yukon and the

International Spinal Research Trust (Krassioukov and Ramer).
Matt S. Ramer was supported by a Scholar Award from the Michael
Smith Foundation for Health Research and a New Investigator
Award from the Canadian Institutes of Health Research. Leanne
M. Ramer was supported by a Doctoral Research Award from the
HSF.

REFERENCES
Al Dera, H., Habgood, M. D., Furness, J.

B., and Brock, J. A. (2011). A promi-
nent contribution of L-type Ca2+
channels to cutaneous neurovascu-
lar transmission that is revealed after
spinal cord injury augments vaso-
constriction. Am. J. Physiol. Heart
Circ. Physiol. 302, H752–H762.

Alan, N., Ramer, L. M., Inskip, J. A., Gol-
bidi, S., Ramer, M. S., Laher, I., and
Krassioukov, A. V. (2010). Recurrent
autonomic dysreflexia exacerbates
vascular dysfunction after spinal
cord injury. Spine J. 10, 1108–1117.

Alexander, J. K., and Popovich, P.
G. (2009). Neuroinflammation in
spinal cord injury: therapeutic tar-
gets for neuroprotection and regen-
eration. Prog. Brain Res. 175,
125–137.

Araki, I. (2011). TRP channels in
urinary bladder mechanosensa-
tion. Adv. Exp. Med. Biol. 704,
861–879.

Asfaw, T. S., Hypolite, J., Northing-
ton, G. M., Arya, L. A., Wein, A.
J., and Malykhina, A. P. (2011).
Acute colonic inflammation triggers
detrusor instability via activation of
TRPV1 receptors in a rat model
of pelvic organ cross-sensitization.
Am. J. Physiol. Regul. Integr. Comp.
Physiol. 300, R1392–R1400.

Baloh, R. H., Tansey, M. G., Lampe, P.
A., Fahrner, T. J., Enomoto, H., Sim-
burger, K. S., Leitner, M. L., Araki, T.,
Johnson, E. M. Jr., and Milbrandt,
J. (1998). Artemin, a novel mem-
ber of the GDNF ligand family, sup-
ports peripheral and central neurons
and signals through the GFRalpha3-
RET receptor complex. Neuron 21,
1291–1302.

Bedi, S. S., Yang, Q., Crook, R. J., Du,
J., Wu, Z., Fishman, H. M., Grill,
R. J., Carlton, S. M., and Walters,
E. T. (2010). Chronic spontaneous
activity generated in the somata
of primary nociceptors is associ-
ated with pain-related behavior after
spinal cord injury. J. Neurosci. 30,
14870–14882.

Bennett, D. L., Boucher, T. J., Michael,
G. J., Popat, R. J., Malcangio, M.,
Averill, S. A., Poulsen, K. T., Priest-
ley, J. V., Shelton, D. L., and McMa-
hon,S. B. (2006). Artemin has potent
neurotrophic actions on injured C-
fibres. J. Peripher. Nerv. Syst. 11,
330–345.

Bennett, D. L., Michael, G. J.,
Ramachandran, N., Munson, J.
B., Averill, S., Yan, Q., McMahon,
S. B., and Priestley, J. V. (1998). A
distinct subgroup of small DRG
cells express GDNF receptor com-
ponents and GDNF is protective for
these neurons after nerve injury. J.
Neurosci. 18, 3059–3072.

Berthoud, H. R., Lynn, P. A., and Black-
shaw, L. A. (2001). Vagal and spinal
mechanosensors in the rat stomach
and colon have multiple receptive
fields. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 280, R1371–R1381.

Brading, A. F., and Ramalingam,
T. (2006). Mechanisms control-
ling normal defecation and the
potential effects of spinal cord
injury. Prog. Brain Res. 152,
345–358.

Braz, J. M., Nassar, M. A., Wood, J. N.,
and Basbaum, A. I. (2005). Parallel
“pain” pathways arise from subpop-
ulations of primary afferent noci-
ceptor. Neuron 47, 787–793.

Brierley, S. M., Carter, R., Jones, W. III,
Xu, L., Robinson, D. R., Hicks, G.
A., Gebhart, G. F., and Blackshaw,
L. A. (2005). Differential chemosen-
sory function and receptor expres-
sion of splanchnic and pelvic colonic
afferents in mice. J. Physiol. (Lond.)
567, 267–281.

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

Cameron, A. A., Smith, G. M., Randall,
D. C., Brown, D. R., and Rabchevsky,
A. G. (2006). Genetic manipulation
of intraspinal plasticity after spinal
cord injury alters the severity of
autonomic dysreflexia. J. Neurosci.
26, 2923–2932.

Cardenas, D. D., Hoffman, J. M., Kirsh-
blum, S., and McKinley, W. (2004).
Etiology and incidence of rehospi-
talization after traumatic spinal cord
injury: a multicenter analysis. Arch.
Phys. Med. Rehabil. 85, 1757–1763.

Caterina, M. J., Rosen, T. A., Tomi-
naga, M., Brake, A. J., and Julius, D.
(1999). A capsaicin-receptor homo-
logue with a high threshold for nox-
ious heat. Nature 398, 436–441.

Caterina, M. J., Schumacher, M. A.,
Tominaga, M., Rosen, T. A., Levine,

J. D., and Julius, D. (1997). The cap-
saicin receptor: a heat-activated ion
channel in the pain pathway. Nature
389, 816–824.

Celio, M. R. (1990). Calbindin D-28k
and parvalbumin in the rat nervous
system. Neuroscience 35, 375–475.

Christensen, M. D., and Hulsebosch,
C. E. (1997). Spinal cord injury
and anti-NGF treatment results in
changes in CGRP density and distri-
bution in the dorsal horn in the rat.
Exp. Neurol. 147, 463–475.

Cohen, S., Levi-Montalcini, R., and
Hamburger, V. (1954). A nerve
growth-stimulating factor isolated
from sarcom as 37 and 180.
Proc. Natl. Acad. Sci. U.S.A. 40,
1014–1018.

Cruz, C. D., Charrua, A., Vieira, E.,
Valente, J., Avelino, A., and Cruz,
F. (2008). Intrathecal delivery of
resiniferatoxin (RTX) reduces detru-
sor overactivity and spinal expres-
sion of TRPV1 in spinal cord injured
animals. Exp. Neurol. 214, 301–308.

Dodd, J., Solter, D., and Jessell, T.
M. (1984). Monoclonal antibod-
ies against carbohydrate differentia-
tion antigens identify subsets of pri-
mary sensory neurones. Nature 311,
469–472.

DomBourian, M. G., Turner, N. A.,
Gerovac, T. A., Vemuganti, R.,
Miranpuri, G. S., Tureyen, K., Satri-
otomo, I., Miletic, V., and Resnick,
D. K. (2006). B1 and TRPV-1 recep-
tor genes and their relationship to
hyperalgesia following spinal cord
injury. Spine 31, 2778–2782.

Eid, S. R. (2011). Therapeutic target-
ing of TRP channels – the TR(i)P
to pain relief. Curr. Top. Med. Chem.
11, 2118–2130.

Elitt, C. M., McIlwrath, S. L., Law-
son, J. J., Malin, S. A., Molliver, D.
C., Cornuet, P. K., Koerber, H. R.,
Davis, B. M., and Albers, K. M.
(2006). Artemin overexpression in
skin enhances expression of TRPV1
and TRPA1 in cutaneous sensory
neurons and leads to behavioral sen-
sitivity to heat and cold. J. Neurosci.
26, 8578–8587.

Everaerts, W., Gevaert, T., Nilius, B.,
and De Ridder, D. (2008). On the
origin of bladder sensing: tr(i)ps
in urology. Neurourol. Urodyn. 27,
264–273.

Gelis, A., Dupeyron, A., Legros, P.,
Benaim, C., Pelissier, J., and Fattal, C.

(2009). Pressure ulcer risk factors in
persons with spinal cord injury part
2: the chronic stage. Spinal Cord 47,
651–661.

Goodness, T. P., Albers, K. M., Davis, F.
E., and Davis, B. M. (1997). Overex-
pression of nerve growth factor in
skin increases sensory neuron size
and modulates Trk receptor expres-
sion. Eur. J. Neurosci. 9, 1574–1585.

Hamburger, V., and Levi-Montalcini, R.
(1949). Proliferation, differentiation
and degeneration in the spinal gan-
glia of the chick embryo under nor-
mal and experimental conditions. J.
Exp. Zool. 111, 457–501.

Holzer, P. (2006). Efferent-like roles of
afferent neurons in the gut: blood
flow regulation and tissue protec-
tion. Auton. Neurosci. 125, 70–75.

Honma, Y., Araki, T., Gianino, S., Bruce,
A., Heuckeroth, R., Johnson, E., and
Milbrandt, J. (2002). Artemin is a
vascular-derived neurotropic factor
for developing sympathetic neurons.
Neuron 35, 267–282.

Hou, S., Duale, H., and Rabchevsky,
A. G. (2009). Intraspinal sprouting
of unmyelinated pelvic affer-
ents after complete spinal cord
injury is correlated with auto-
nomic dysreflexia induced by
visceral pain. Neuroscience 159,
369–379.

Intengan, H. D., and Schiffrin, E.
L. (2001). Vascular remodeling in
hypertension: roles of apoptosis,
inflammation, and fibrosis. Hyper-
tension 38, 581–587.

Johnson, E. M. Jr., and Yip, H. K. (1985).
Central nervous system and periph-
eral nerve growth factor provide
trophic support critical to mature
sensory neuronal survival. Nature
314, 751–752.

Kissin, I., and Szallasi, A. (2011).
Therapeutic targeting of TRPV1
by resiniferatoxin, from preclinical
studies to clinical trials. Curr. Top.
Med. Chem. 11, 2159–2170.

Krassioukov, A., and Claydon, V. E.
(2006). The clinical problems in car-
diovascular control following spinal
cord injury: an overview. Prog. Brain
Res. 152, 223–229.

Krassioukov, A. V., Bunge, R. P., Pucket,
W. R., and Bygrave, M. A. (1999).
The changes in human spinal sym-
pathetic preganglionic neurons after
spinal cord injury. Spinal Cord 37,
6–13.

Frontiers in Physiology | Integrative Physiology July 2012 | Volume 3 | Article 257 | 23

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


Ramer et al. TRPV1-positive sensory neurons after SCI

Krassioukov, A. V., and Weaver, L.
C. (1995). Episodic hypertension
due to autonomic dysreflexia in
acute and chronic spinal cord-
injured rats. Am. J. Physiol. 268,
H2077–H2083.

Krenz, N. R., Meakin, S. O., Krassioukov,
A. V., and Weaver, L. C. (1999). Neu-
tralizing intraspinal nerve growth
factor blocks autonomic dysreflexia
caused by spinal cord injury. J. Neu-
rosci. 19, 7405–7414.

Krenz, N. R., and Weaver, L. C. (1998).
Sprouting of primary afferent fibers
after spinal cord transection in the
rat. Neuroscience 85, 443–458.

Kruse, M. N., Bray, L. A., and de
Groat, W. C. (1995). Influence of
spinal cord injury on the morphol-
ogy of bladder afferent and effer-
ent neurons. J. Auton. Nerv. Syst. 54,
215–224.

Lucin, K. M., Sanders, V. M., Jones, T.
B., Malarkey, W. B., and Popovich, P.
G. (2007). Impaired antibody syn-
thesis after spinal cord injury is level
dependent and is due to sympathetic
nervous system dysregulation. Exp.
Neurol. 207, 75–84.

Lujan, H. L., Palani, G., Peduzzi, J.
D., and DiCarlo, S. E. (2010). Tar-
geted ablation of mesenteric pro-
jecting sympathetic neurons reduces
the hemodynamic response to pain
in conscious, spinal cord-transected
rats. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 298, R1358–R1365.

Lynn, P. A., and Blackshaw, L. A. (1999).
In vitro recordings of afferent fibres
with receptive fields in the serosa,
muscle and mucosa of rat colon. J.
Physiol. 518(Pt 1), 271–282.

MacDermid, V. E., McPhail, L. T., Tsang,
B., Rosenthal, A., Davies, A., and
Ramer, M. S. (2004). A soluble Nogo
receptor differentially affects plastic-
ity of spinally projecting axons. Eur.
J. Neurosci. 20, 2567–2579.

Malin, S., Molliver, D., Christianson,
J. A., Schwartz, E. S., Cornuet, P.,
Albers, K. M., and Davis, B. M.
(2011). TRPV1 and TRPA1 func-
tion and modulation are target
tissue dependent. J. Neurosci. 31,
10516–10528.

Matheson, C. R., Carnahan, J., Urich,
J. L., Bocangel, D., Zhang, T. J., and
Yan, Q. (1997). Glial cell line-derived
neurotrophic factor (GDNF) is a
neurotrophic factor for sensory neu-
rons: comparison with the effects of
the neurotrophins. J. Neurobiol. 32,
22–32.

Matos-Souza, J. R., Pithon, K. R., Oza-
hata, T. M., Gemignani, T., Cliquet,
A. Jr., and Nadruz, W. Jr. (2009).
Carotid intima-media thickness is
increased in patients with spinal

cord injury independent of tradi-
tional cardiovascular risk factors.
Atherosclerosis 202, 29–31.

McKay, S. M., and McLachlan, E. M.
(2004). Inflammation of rat dorsal
root ganglia below a mid-thoracic
spinal transection. Neuroreport 15,
1783–1786.

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

Michael, G. J., and Priestley, J. V. (1999).
Differential expression of the mRNA
for the vanilloid receptor subtype 1
in cells of the adult rat dorsal root
and nodose ganglia and its downreg-
ulation by axotomy. J. Neurosci. 19,
1844–1854.

Moller, K., Zhang, Y. Z., Hakanson,
R., Luts, A., Sjolund, B., Uddman,
R., and Sundler, F. (1993). Pituitary
adenylate cyclase activating peptide
is a sensory neuropeptide: immuno-
cytochemical and immunochem-
ical evidence. Neuroscience 57,
725–732.

Morgan, C., Nadelhaft, I., and de Groat,
W. C. (1981). The distribution of
visceral primary afferents from the
pelvic nerve to Lissauer’s tract and
the spinal gray matter and its rela-
tionship to the sacral parasympa-
thetic nucleus. J. Comp. Neurol. 201,
415–440.

Nadelhaft, I., and Booth, A. M. (1984).
The location and morphology of
preganglionic neurons and the dis-
tribution of visceral afferents from
the rat pelvic nerve: a horseradish
peroxidase study. J. Comp. Neurol.
226, 238–245.

Ondarza, A. B., Ye, Z., and Hulsebosch,
C. E. (2003). Direct evidence of
primary afferent sprouting in dis-
tant segments following spinal cord
injury in the rat: colocalization of
GAP-43 and CGRP. Exp. Neurol. 184,
373–380.

Qiao, L., and Vizzard, M. A. (2002). Up-
regulation of tyrosine kinase (Trka,
Trkb) receptor expression and phos-
phorylation in lumbosacral dorsal
root ganglia after chronic spinal cord
(T8-T10) injury. J. Comp. Neurol.
449, 217–230.

Qin, W., Bauman, W. A., and Cardozo,
C. (2010). Bone and muscle loss after
spinal cord injury: organ interac-
tions. Ann. N. Y. Acad. Sci. 1211,
66–84.

Ramer, L. M., Borisoff, J. F., and Ramer,
M. S. (2004). Rho-kinase inhibi-
tion enhances axonal plasticity and
attenuates cold hyperalgesia after
dorsal rhizotomy. J. Neurosci. 24,
10796–10805.

Ramer, L. M., Ramer, M. S., Noren-
berg, M. D., Moore, W., Steeves, J.
D., and Krassioukov, A. V. (2006).
Peripheral sympatho-sensory cou-
pling may contribute to episodic
hypertension following SCI. J. Spinal
Cord Med. 30, 101.

Ramer, M. S., Bradbury, E. J., and
McMahon, S. B. (2001). Nerve
growth factor induces P2X(3)
expression in sensory neurons. J.
Neurochem. 77, 864–875.

Ramer, M. S., Bradbury, E. J., Michael,
G. J., Lever, I. J., and McMahon, S. B.
(2003). Glial cell line-derived neu-
rotrophic factor increases calcitonin
gene-related peptide immunoreac-
tivity in sensory and motoneu-
rons in vivo. Eur. J. Neurosci. 18,
2713–2721.

Ramsey, J. B., Ramer, L. M., Inskip,
J. A., Alan, N., Ramer, M. S., and
Krassioukov, A. V. (2010). Care of
rats with complete high-thoracic
spinal cord injury. J. Neurotrauma
27, 1709–1722.

Rehman, A., and Schiffrin, E. L. (2010).
Vascular effects of antihypertensive
drug therapy. Curr. Hypertens. Rep.
12, 226–232.

Rich, K. M., Yip, H. K., Osborne, P.
A., Schmidt, R. E., and Johnson,
E. M. Jr. (1984). Role of nerve
growth factor in the adult dorsal
root ganglia neuron and its response
to injury. J. Comp. Neurol. 230,
110–118.

Rizzoni, D., De Ciuceis, C., Porteri, E.,
Paiardi, S., Boari, G. E., Mortini, P.,
Cornali, C., Cenzato, M., Rodella, L.
F., Borsani, E., Rizzardi, N., Platto,
C., Rezzani, R., and Rosei, E. A.
(2009). Altered structure of small
cerebral arteries in patients with
essential hypertension. J. Hypertens.
27, 838–845.

Rizzoni, D., Porteri, E., Platto, C., Riz-
zardi, N., De Ciuceis, C., Boari, G.
E., Muiesan, M. L., Salvetti, M., Zani,
F., Miclini, M., Paiardi, S., Castel-
lano, M., and Rosei, E. A. (2007).
Morning rise of blood pressure
and subcutaneous small resistance
artery structure. J. Hypertens. 25,
1698–1703.

Rose, R. D., and Rohrlich, D. (1988).
Counting sectioned cells via math-
ematical reconstruction. J. Comp.
Neurol. 272, 365–386.

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.

Scott, A. L., Borisoff, J. F., and Ramer,
M. S. (2005). Deafferentation and

neurotrophin-mediated intraspinal
sprouting: a central role for the p75
neurotrophin receptor. Eur. J. Neu-
rosci. 21, 81–92.

Seki, S., Sasaki, K., Fraser, M. O.,
Igawa, Y., Nishizawa, O., Chancel-
lor, M. B., de Groat, W. C., and
Yoshimura, N. (2002). Immunoneu-
tralization of nerve growth fac-
tor in lumbosacral spinal cord
reduces bladder hyperreflexia in
spinal cord injured rats. J. Urol. 168,
2269–2274.

Skryma, R., Prevarskaya, N., Gkika,
D., and Shuba, Y. (2011). From
urgency to frequency: facts and con-
troversies of TRPs in the lower
urinary tract. Nat. Rev. Urol. 8,
617–630.

Smith, C. P., Gangitano, D. A., Munoz,
A., Salas, N. A., Boone, T. B., Aoki,
K. R., Francis, J., and Somogyi, G. T.
(2008). Botulinum toxin type A nor-
malizes alterations in urothelial ATP
and NO release induced by chronic
spinal cord injury. Neurochem. Int.
52, 1068–1075.

Tamura, S., Morikawa, Y., and Senba, E.
(2005). TRPV2, a capsaicin recep-
tor homologue, is expressed pre-
dominantly in the neurotrophin-
3-dependent subpopulation of pri-
mary sensory neurons. Neuroscience
130, 223–228.

Tominaga, M., Caterina, M. J., Malm-
berg, A. B., Rosen, T. A., Gilbert,
H., Skinner, K., Raumann, B. E.,
Basbaum, A. I., and Julius, D. (1998).
The cloned capsaicin receptor inte-
grates multiple pain-producing
stimuli. Neuron 21, 531–543.

Tripovic, D., Al Abed, A., Rummery, N.
M., Johansen, N. J., McLachlan, E.
M., and Brock, J. A. (2011). Nerve-
evoked constriction of rat tail veins
is potentiated and venous diame-
ter is reduced after chronic spinal
cord transection. J. Neurotrauma 28,
821–829.

Ward, S. M., Bayguinov, J., Won, K. J.,
Grundy, D., and Berthoud, H. R.
(2003). Distribution of the vanil-
loid receptor (VR1) in the gastroin-
testinal tract. J. Comp. Neurol. 465,
121–135.

Weaver, L. C., Verghese, P., Bruce, J. C.,
Fehlings, M. G., Krenz, N. R., and
Marsh, D. R. (2001). Autonomic dys-
reflexia and primary afferent sprout-
ing after clip-compression injury of
the rat spinal cord. J. Neurotrauma
18, 1107–1119.

Willis, W. D. Jr. (2007). The somatosen-
sory system, with emphasis on struc-
tures important for pain. Brain Res.
Rev. 55, 297–313.

Willis, W. D., and Coggeshall, R.
E. (2004). Sensory Mechanisms of

www.frontiersin.org July 2012 | Volume 3 | Article 257 | 24

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


Ramer et al. TRPV1-positive sensory neurons after SCI

the Spinal Cord: Primary Affer-
ent Neurons and the Spinal Dor-
sal Horn. New York: Kluwer Acad-
emic/Plenum Publishers.

Wong, J., and Oblinger, M. M. (1991).
NGF rescues substance P expres-
sion but not neurofilament or tubu-
lin gene expression in axotomized
sensory neurons. J. Neurosci. 11,
543–552.

Yaksh, T. L., Farb, D. H., Leeman,
S. E., and Jessell, T. M. (1979).
Intrathecal capsaicin depletes
substance P in the rat spinal
cord and produces prolonged
thermal analgesia. Science 206,
481–483.

Yamamoto, W., Sugiura, A., Nakazato-
Imasato, E., and Kita, Y. (2008).
Characterization of primary sen-
sory neurons mediating static and
dynamic allodynia in rat chronic

constriction injury model. J. Pharm.
Pharmacol. 60, 717–722.

Yip, H. K., Rich, K. M., Lampe, P.
A., and Johnson, E. M. Jr. (1984).
The effects of nerve growth factor
and its antiserum on the postna-
tal development and survival after
injury of sensory neurons in rat
dorsal root ganglia. J. Neurosci. 4,
2986–2992.

Yoshimura, N. (1999). Bladder afferent
pathway and spinal cord injury: pos-
sible mechanisms inducing hyper-
reflexia of the urinary bladder. Prog.
Neurobiol. 57, 583–606.

Yoshimura, N., Bennett, N. E., Hayashi,
Y., Ogawa, T., Nishizawa, O.,
Chancellor, M. B., de Groat, W.
C., and Seki, S. (2006). Bladder
overactivity and hyperexcitability
of bladder afferent neurons after
intrathecal delivery of nerve growth

factor in rats. J. Neurosci. 26,
10847–10855.

Yu, W., Hill, W. G., Apodaca, G., and
Zeidel, M. L. (2011). Expression and
distribution of transient receptor
potential (TRP) channels in blad-
der epithelium. Am. J. Physiol. Renal
Physiol. 300, F49–F59.

Zvarova, K., Dunleavy, J. D., and Viz-
zard, M. A. (2005). Changes in
pituitary adenylate cyclase activat-
ing polypeptide expression in uri-
nary bladder pathways after spinal
cord injury. Exp. Neurol. 192, 46–59.

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: 06 April 2012; accepted: 20 June
2012; published online: 09 July 2012.
Citation: Ramer LM, van Stolk AP,
Inskip JA, Ramer MS and Kras-
sioukov AV (2012) Plasticity of TRPV1-
expressing sensory neurons mediating
autonomic dysreflexia following spinal
cord injury. Front. Physio. 3:257. doi:
10.3389/fphys.2012.00257
This article was submitted to Frontiers
in Integrative Physiology, a specialty of
Frontiers in Physiology.
Copyright © 2012 Ramer, van Stolk,
Inskip, Ramer and Krassioukov. This is
an open-access article distributed under
the terms of the Creative Commons Attri-
bution License, which permits use, distri-
bution and reproduction in other forums,
provided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Physiology | Integrative Physiology July 2012 | Volume 3 | Article 257 | 25

http://dx.doi.org/10.3389/fphys.2012.00257
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Integrative_Physiology/archive
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/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.2012.00329/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=AlexanderRabchevsky&UID=28911
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=KhalidEldahan&UID=56010
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Philip_Popovich&UID=18559
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=KevinDonohue&UID=51814
https://www.nscisc.uab.edu
https://www.nscisc.uab.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.2012.00329
http://dx.doi.org/10.3389/fphys.2012.00329
http://dx.doi.org/10.3389/fphys.2012.00329
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
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=VaughanMacefield&UID=17457
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=RachaelBrown&UID=52471
mailto:v.macefield@uws.edu.au
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://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://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

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	

	
	
	

	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




