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Control of Respiratory Motor Outflow During Wakefulness
and Sleep

J.L. Feldman, S.A. Saywell and W.E. Babiec

Neurobiology, David Geffen School of Medicine at UCLA, Los
Angeles, CA, USA

Respiratory motor output adapts to regulate blood gases. One
form of adaptive plasticity is long-term facilitation of respira-
tory motor output induced in vivo in adult and neonatal rats by
episodic hypoxia. We have identified an in vitro form of long-
term facilitation (ivLTF) in hypoglossal (XII) motoneurones, a
50-70% increase in XII nerve output and 30-55% increase in
inspiratory drive currents in XII motoneurones persisting for >1
hr. ivLTF is induced preferentially by episodic, rather than con-
tinuous, application of 5 HT2 & α1-adrenergic agonists and
requires coincident activation of Group 1 metabotropic gluta-
mate receptors. 
Experiments were performed on medullary slice prepara-
tions from neonatal Sprague-Dawley rats (P0-P3) that gen-
erate a respiratory-related rhythm. Rats were anaesthetised
with isoflurane, rapidly decerebrated and the brainstem-
spinal cord removed. A medullary slice containing the pre-
Bötzinger Complex was cut and superfused with ACSF
(28∞C, [K+] 9 mM). XII motor output was recorded from the
cut ends of XII nerve rootlets with a suction electrode.
Whole-cell voltage clamp recordings (Vh=-70 mV) were
made from XII motoneurones identified by location and pres-
ence of endogenous inspiratory currents. For synaptic iso-
lation, TTX (1 μM) was added to the bath and AMPA (10 μM),
in an ejection pipette positioned over the motoneuronal
soma, was pressure ejected and exogenous currents
recorded. To induce ivLTF we bath applied, in 3x3 min
episodes spaced 5 min apart either 1 μM α-Me-5-HT or 10
μM phenylephrine.
A major component of ivLTF is postsynaptic potentiation
of motoneuronal AMPA receptors, as exogenous AMPA cur-
rents are potentiated in synaptically isolated motoneurones.
Protein kinase C and MAPK activity but not PKA activity is
required for ivLTF, with PKG having a modulatory role. An
additional requirement for ivLTF is the activation of TrkB
receptors by BDNF, possibly involving rapid protein syn-
thesis.
We propose that this type of plasticity underlies important
forms of motoneuronal adaptive learning and may increase
upper airway muscle tone contributing to the maintenance of
upper airway patency. The fact that these changes occur in
motoneurones clearly indicates that plasticity critical for behav-
iour is a general property of mammalian neurones.
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Respiratory plasticity following intermittent hypoxia:
Implications for sleep apnea

G. Mitchell

Department of Comparative Biosciences, University of Wisconsin-
Madison, Madison, WI, USA

The significance of neuroplasticity in respiratory motor control
has been appreciated only in recent years (Mitchell and John-
son, 2003). One important model of respiratory plasticity,
known as respiratory long-term facilitation (LTF), is induced by
acute intermittent hypoxia (AIH). LTF is expressed as a pro-
gressive increase in respiratory motor output lasting several
hours after the final hypoxic episode. LTF is expressed differ-
entially in nerves innervating respiratory pump muscles (eg.
phrenic) versus upper airway muscles that regulate airway
resistance and patency (eg. XII). LTF exhibits metaplasticity
since pretreatment with chronic intermittent hypoxia enhances
AIH-induced LTF. Although the functional significance of LTF
remains uncertain, it has been proposed to stabilize breathing
during sleep (Mahamed and Mitchell, 2007). Regardless of its
specific physiological role, our perspective is that the capacity
to elicit LTF may be harnessed as a therapeutic approach to mul-
tiple clinical disorders of ventilatory control. Thus, a detailed
understanding of cellular mechanisms giving rise to LTF may
provide the rationale for new pharmacological approaches in
the treatment of ventilatory control disorders, such as obstruc-
tive sleep apnea or respiratory insufficiency following spinal
cord injury or during motor neuron disease. Cellular/synaptic
mechanisms of LTF have been studied most frequently in
phrenic motor output. Phrenic LTF (pLTF) requires spinal sero-
tonin activation and protein synthesis (Baker and Mitchell,
2002). Our working model is that intermittent hypoxia triggers
intermittent serotonin release in the phrenic motor nucleus,
initiating pLTF via 5-HT2 receptor activation on respiratory
motor neurons. Serotonin receptor activation initiates signal-
ing cascades, leading to new protein synthesis and pLTF main-
tenance. A critical protein in pLTF expression is brain-derived
neurotrophic factor (BDNF; Baker-Herman et al., 2004). New
BDNF synthesis is necessary for pLTF since intrathecal siRNAs
targeting BDNF mRNA abolish new BDNF synthesis and pLTF.
By activating the high affinity BDNF receptor, TrkB, ERK MAP
kinases are phosphorylated and activated, leading to pLTF.
Although less is known concerning mechanisms downstream
from ERK activation, we propose that glutamate receptor traf-
ficking is induced, increasing synaptic strength between (glu-
tamatergic) brainstem respiratory neurons and phrenic motor
neurons. pLTF expression is actively regulated. For example,
serine/threonine phosphatases (PP2A/5) constrain pLTF. Dur-
ing AIH, NADPH oxidase activity is increased, increasing the for-
mation of reactive oxygen species which subsequently inhibit
relevant phosphatases and relieve the phosphatase constraint
to pLTF (MacFarlane et al., 2008). Considerable progress is being
made in understanding fundamental mechanisms of LTF, and
we are beginning to the potential to harness this mechanism
in an attempt to treat respiratory control disorders. Promising
approaches include selective administration of repetitive acute
intermittent hypoxia to induce respiratory plasticity without
pathological consequences and small molecules that cross the
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blood brain barrier and simulate the actions of BDNF, such as
Gs protein coupled receptor agonists (Golder et al., 2008).
Although research on respiratory plasticity is still in its infancy,
progress has been rapid, and there is considerable promise that
it will lead to novel and effective therapeutic approaches to the
treatment of devastating disorders in respiratory control for
which there are no known cures.
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Plasticity of acute O2 sensing by intermittent hypoxia

N. Prabhakar

Medicine, The University of Chicago, Chicago, IL, USA

Carotid bodies are the sensory organs for monitoring changes
in arterial blood O2. Chronic perturbations in environmental
O2 profoundly influence the hypoxic sensing ability of the
carotid body. Intermittent hypoxia (IH) represents one such
chronic perturbation of O2 levels in arterial blood. Adult and
neonatal mammals experience IH as a consequence of recur-
rent apneas. This presentation will focus on the impact of IH on
hypoxic sensing by the carotid body and its consequences on
cardio-respiratory systems. Exposing adult and neonatal rats
to chronic IH leads to sensitization of the carotid body response
to acute hypoxia and this response is mediated by reactive oxy-
gen species (ROS)-dependent recruitment of endothelins
(Pawar et al. 2009). In addition, chronic IH induced sensory
long-term facilitation (sLTF) in adult rodents via 5-HT-depend-
ent NADPH oxidase-2 activation (Peng et al. 2009). IH-evoked
changes in the carotid body are associated with increased num-
ber of apneas, activation of sympathetic activity and elevated
blood pressures. Analysis of the molecular mechanisms
revealed that HIF family of transcriptional activators play crit-
ical roles in IH-evoked alterations in carotid body function (Nan-

duri et al. 2008). IH increased HIF-1αprotein via Ca2+-depend-
ent activation of mTOR and prolyl hydroxylases (Yuan et al.
2008); whereas down-regulated HIF-2αby Ca2+-activated pro-
teases (calpains) (Nanduri et al. 2009). Up-regulation of HIF-1
appears to contribute to increased pro-oxidants; whereas HIF-
2α down-regulation was associated with decreased transcrip-
tion of anti-oxidant enzyme (Nanduri et al. 2009). The differ-
ential regulation of HIF-1 and HIF-2 by IH lead to oxidative stress
which by way of recruiting transmitters contribute to plastic-
ity of acute O2 sensing by the carotid body. Supported by grants
from NIH-HL- 090554; HL-086493.
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Molecular responses to intermittent hypoxia - implications
for cardiovascular disease

W. McNicholas1,2, S. Ryan1,2 and C. Taylor2

1St. Vincent’s University Hospital, Dublin, Ireland and 2UCD Conway
Institute of Biomolecular and Biomedical Research, Dublin, Ireland

Systemic inflammation plays a key role in atherosclerosis and
occurs in the vasculature as a response to injury, lipid peroxi-
dation, and perhaps infection. Levels of circulating soluble adhe-
sion molecules, which mediate adhesion of leucocytes to the
vascular endothelium, are elevated in patients with obstruc-
tive sleep apnoea syndrome (OSAS) and improve with CPAP
therapy. Inflammatory cytokines, such as the nuclear factor
kappa B (NFkB) dependent genes tumour necrosis factor alpha
(TNFa) and interleukin-8 (IL-8) induce the expression of cellu-
lar adhesion molecule and TNFa levels correlate with cardio-
vascular risk. In a novel cell culture model of intermittent
hypoxia/reoxygenation (IHR), which is a key feature of OSAS,
we identified a selective activation of inflammatory pathways,
mediated by the transcription factor NFkB, over the adaptive
hypoxia-inducible factor-1 (HIF-1)-dependent pathways by IHR
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(1). These results indicate different molecular responses of IHR
than to sustained hypoxia, the latter being primarily mediated
by a HIF-1 mediated phenotype to promote tissue survival. We
translated these in vitro findings into the OSAS population and
demonstrated higher levels of TNFa in OSAS patients than in
matched controls but similar levels of the adaptive factor ery-
thropoietin (EPO). Furthermore, CPAP treatment reduced TNFa
to control levels (2). 
C-reactive protein (CRP), an important serum marker of inflam-
mation, is synthesised in the liver and regulated principally by
IL-6. Prospective studies have shown that CRP is a predictor of
future coronary events in apparently healthy men and women.
OSAS is associated with higher CRP and IL-6 levels in otherwise
healthy subjects, and levels correlate with severity of the dis-
ease. Furthermore, treatment with nasal CPAP significantly
decreases levels of these markers. However, other studies have
indicated that obesity is an important confounding factor in
the elevation of CRP and IL-6 in OSAS patients (3).
The intermittent re-oxygenation seen in OSAS has been com-
pared to reperfusion injury and predisposes to oxidative stress
with the production of increased quantities of reactive oxy-
gen species (ROS). The evidence for oxidative stress in OSAS is
based on the demonstration of increased ROS production by
leucocytes taken from patients with OSAS and in rodents
exposed to intermittent hypoxia, and also by the demonstra-
tion of reduced ROS production following CPAP therapy. Fur-
thermore, evidence of oxidation of various macromolecules,
particularly lipid peroxidation, in OSAS patients provides fur-
ther evidence of oxidative stress.
Endothelial dysfunction is considered an early marker for ather-
osclerosis and its role in the pathogenesis of cardiovascular com-
plications in OSAS has been supported by various studies demon-
strating impairment in endothelium-dependent vasodilatation.
Furthermore, treatment with nasal CPAP improves endothelial
function. A major vasodilator substance released by the endothe-
lium is nitric oxide (NO). Decreased production or activity of NO
may be one of the earliest signs of atherosclerosis. Decreased
levels of NO have been found OSAS patients and levels increase
with CPAP therapy. We have also demonstrated significant
involvement of NO in NFkB activation by IHR in our in vitro model.
Thus, the prevention IHR in OSAS may result in prevention of
inflammatory activation and thus may explain, in part, the reduc-
tion of cardiovascular risk in OSAS patients on treatment (4).
Ryan S, Taylor CT, McNicholas WT. Selective activation of inflammatory
pathways by intermittent hypoxia in obstructive sleep apnea syndrome.
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Sleep Apnoea, intermittent hypoxia and atherosclerosis

P.A. Lévy1,2, C. Arnaud2, M. Dematteis2,1, J. Baguet1 and
J. Pépin1,2

1EFCR, Grenoble University, Grenoble, France and 2Inserm ERI17,
Joseph Fourier University, Grenoble, France

Obstructive sleep apnoea (OSA) syndrome is a highly prevalent
sleep disorder leading to cardiovascular and metabolic com-
plications. Intermittent hypoxia (IH) is usually considered as the
main trigger for the associated cardiovascular[1] and metabolic
alterations. Indeed, the repetitive sequence of hypoxia-reoxy-
genation due to recurrent pharyngeal collapse during sleep,
leads to several consequences such as hemodynamic, hormono-
metabolic, oxidative and immuno-inflammatory alterations
that may interact and aggravate each other, resulting in artery
structural changes, from adaptive to degenerative atheroscle-
rotic remodeling[2, 3]. There are clinical studies as well as stud-
ies in the general population supporting a link between OSA
and atherosclerosis. Atherosclerosis has been found in OSA
patients free of other cardiovascular risk factors, and seems to
be related to the severity of nocturnal hypoxia. This has been
demonstrated using validated sub-clinical markers e.g. intima
media thickness measured by carotid artery echography. Early
stages of artery alteration, including functional and structural
changes, have been evidenced in both OSA patients[4] and
rodents experimentally exposed to IH[5]. Impaired vasoreac-
tivity with endothelial dysfunction and/or increased vasocon-
strictive responses due to sympathetic, endothelin and renin-
angiotensin systems have been reported, also contributing to
vascular remodeling and inflammation both at the systemic and
vascular level. Oxidative stress[6], inflammation[7] and vascu-
lar remodeling[2] can be directly triggered by IH, further aggra-
vated by the OSA-associated hormono-metabolic alterations,
such as insulin resistance, dyslipidemia and adipokine imbal-
ance. We have also recently shown that specific chemokines
may be involved in vascular remodeling and that fat tissue (vis-
ceral, peri-vascular or intra-organs) may be critical in promot-
ing vascular changes (Arnaud et al, submitted). Finally, as shown
in OSA patients and in the animal model, genetic susceptibil-
ity, comorbidities including obesity as well high fat diet may
aggravate atherosclerosis development or progression. The
understanding of the molecular mechanisms may contribute
to delineate new targets for prevention strategies and devel-
opment of new treatment of OSA-related atherosclerosis, espe-
cially in patients at risk for cardiovascular disease.
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Signals and ‘Noise’ in Olfactory Circuits

G. Miesenboeck

Department of Physiology, Anatomy and Genetics, University of
Oxford, Oxford, UK

Circuits of the antennal lobe, the insect equivalent of the olfac-
tory bulb, translate input from olfactory receptor neurons
(ORNs) into projection neuron (PN) output. Synaptic connec-
tions between ORNs and PNs are one-to-one, yet PNs are more
broadly tuned to odors than ORNs. Functional optical imaging
of a Drosophila mutant lacking ORN input to one glomerulus
indicates that activity in a previously unidentified population
of cholinergic local neurons (LNs) is the likely mechanism under-
lying the extended receptive range of PNs. Excitatory LNs
densely innervate the antennal lobes with multiglomerular
processes and respond broadly to odors, but they exhibit little
glomerular specificity in their synaptic output, suggesting that
PNs are driven by a combination of glomerulus-specific ORN
afferents and diffuse LN excitation. Lateral excitation may boost
PN signals and enhance their transmission to third-order neu-
rons in a mechanism akin to stochastic resonance.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Plasticity and dynamics of neuron and astrocyte networks
in visual cortex

M. Sur

Department of Brain and Cognitive Sciences and Picower Institute
for Learning and Memory, Massachusetts Institute of Technology,
Cambridge, MA, USA

Novel tools including high-resolution in vivo functional and
structural imaging of neurons, synapses and astrocytes, along
with new probes, are transforming the analysis of cortical net-
works. Such approaches reveal not only how visual cortex net-
works integrate simple inputs to make complex outputs, but
also the mechanisms by which cortical synapses mediate
remarkable activity-dependent plasticity during development
and in adulthood. 
The generation of orientation selectivity and of eye-specific
connections from the two eyes to visual cortex neurons pro-
vides highly sensitive probes of synaptic and network devel-
opment and function. Brief closure of one eye, for a few hours,
during a sensitive period of development causes rapid changes
in the strength of drive from not only the closed eye but also
from the open eye to cortical neurons, as revealed by repeated
imaging of functional drive to the same cells. Repeated imag-
ing in vivo of synapses at precisely identified zones shows that
such functional changes are accompanied by specific structural
changes at spines, including the loss and gain of spines related
to the two eyes and changes in their dynamics and motility.
Activity-dependent signaling molecules such as Arc are sus-
pected to have a role in synaptic and network plasticity. By gen-
erating Arc-GFP knock-in mice and in vivo imaging of cells that
specifically develop without Arc, we have shown that Arc is crit-
ical for the selective removal of AMPA receptors and thus for
shaping both orientation tuning and the strength of inputs from
the two eyes during development. Novel FRET probes of
CaMKIIa activation show unexpected mechanisms of synaptic
plasticity involving both feedforward Hebbian changes as well
as feedback homeostatic changes on short time scales. 
A major puzzle in cortical physiology concerns the role of astro-
cytes, which constitute a large fraction of cells of the cerebral
cortex. High resolution functional imaging of responses from
identified cells utilizing specific astrocyte markers reveals that
astrocytes have sharp tuning to visual stimulus features, with
responses that are precisely matched to those of adjacent neu-
rons. Signaling between astrocytes and neurons shapes synap-
tic structure and function, including the magnitude and dura-
tion of neuronal responses, and thus influences neuronal
computations such as those underlying orientation tuning and
the regulation of contrast gain. In addition, astrocytes exquis-
itely regulate local blood flow into cortex, providing the basis
for functional brain imaging signals.

Supported by grants from the NIH.
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Structuralcorrelatesoffunctionalplasticityinthevisualcortex

S.B. Hofer1,2, T.D. Mrsic-Flogel1,2, T. Bonhoeffer1 and
M. Huebener1

1Cellular and Systems Neurobiology, Max-Planck-Institute of
Neurobiology, Planegg-Martinsried, Germany and 2Department of
Physiology, University College London, London, UK

Altered sensory input can change response properties in the
visual cortex. How this is implemented at the level of individ-
ual synapses is not well understood. In this study we explore
whether changes of neuronal response properties induced by
monocular deprivation (MD) correlate with alterations of the
number and size of dendritic spines on pyramidal neurons in
the visual cortex of adult mice. 
To address this question, we combined intrinsic signal imag-
ing and two-photon microscopy and anaesthetized mice
implanted with cranial windows. This approach allowed us
to monitor functional changes of eye-representation in the
binocular part of the visual cortex, as well as to image
repeatedly the apical dendrites of GFP-labelled neurons
before, during and after MD. We found that a brief period
of MD robustly altered the balance of dendritic spine
turnover in layer 5 neurons in the binocular visual cortex of
adult mice. More spines were added during MD than under
baseline conditions. In contrast, the rate of spine elimina-
tion did not change during MD, leading to an increased spine
density. This effect was cell type specific, as we did not
observe similar changes in layer 2/3 neurons. The additional
spines in the apical dendrites of layer 5 cells might form a
structural correlate of the increase in non-deprived eye
response strength, which is the main effect seen after MD
in adult mice.
Restoring binocular vision returned spine dynamics to base-
line levels, but absolute spine density remained persistently
elevated. Importantly, spine addition did not increase again
when the same eye was closed for a second time. This
absence of structural plasticity after a second MD episode
contrasts with a robust and even faster change of eye-spe-
cific responses after repeated MD. Thus, dendritic spines
added during the first monocular deprivation experience
may provide a structural basis for subsequent functional
shifts.
It has been shown that spine size and synapse strength are
correlated. Therefore, as a first step towards characterizing
the functional significance of the newly formed spines, we
followed the size of individual spines that appeared during
MD. As a measure for spine size we used integrated spine
brightness. New MD induced spines became larger during
deprivation, and they were of similar size as newly formed
spines in control animals. However, spines that appeared dur-
ing MD shrank again after binocular vision had been restored
and, importantly, their size increased again during the sec-
ond MD. In contrast, persistent new spines in control animals
grew initially and then stabilized, but on average did not shrink
after their appearance. Thus, size changes of MD-induced
spines correlate with the strengthening, weakening and re-
strengthening of non-deprived eye responses during MD,

recovery and second MD, respectively, thereby supporting
the idea that these new spines are functionally important as
they are might bear synapses whose strength is modulated
by visual experience.
Overall, these results provide a strong link between functional
plasticity and specific synaptic rearrangements, revealing a
mechanism of how prior experiences could be stored in corti-
cal circuits.

SupportedbytheMax-Planck-GesellschaftandtheWellcomeTrust.
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Imaging neuromuscular synaptic plasticity in vivo by fibre-
optic confocal microendoscopy

R.R. Ribchester

School of Biomedical Sciences, University of Edinburgh,
Edinburgh, UK

Preventing motor neuron death, and the axon and synapse loss
that precede it, are the primary goals of research into amy-
otrophic lateral sclerosis (ALS). The molecular basis of selective
vulnerability of motor neurones, the contiguous progression
of the disease, and its age dependence are unknown. Neuro-
muscular junctions (NMJ’s) and their supporting axons are the
largest components of a motor neurone (>95% of total cell vol-
ume). Since they are essential for motor neurone function, they
must be protected. NMJ’s are thought to be the first neuronal
compartment to degenerate, followed by axons, both in
patients with sporadic ALS and in animal models of SOD1-
dependent ALS. One approach to finding new neuroprotective
methods is to seek modifiers of genes already known to offer
partial protection to NMJ’s. We have been using ethylni-
trosourea (ENU) mutagenesis in mice to seek novel mutations
that enhance the protective effects of the axon-protective WldS
gene, which slows down Wallerian degeneration after nerve
injury. We are using a flexible technology, fibre-optic confocal
microendoscopy (f-CoME) to screen for mutants showing
strong synaptic protection. We have thus far trapped six phen-
odeviants, at least one of which appears to be a true dominant
mutant passing on its characteristics in Mendelian fashion. We
are also using the f-CoME technique to visualise and monitor
synaptic degeneration in longitudinal studies of individual SOD1
and WldS mice.

Supported by MRC, MNDA and MND Scotland
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Cool, Cold or Painfully Cold? - How cold-sensing ion channels
create temperature sensations

K. Zimmermann

Dept. of Physiology and Pathophysiology, Medical Faculty University
Erlangen-Nürnberg, Erlangen, Bavaria, Germany

Sensory transduction and subsequent impulse generation are
processes in the sensory neuron that involve ion channels. Sen-
sory transduction is specific for the quality of the stimulus, and
composed of inward and outward current components con-
tributed by cation channels of the transient receptor potential
subfamily (TRP), e.g. TRPM81 and TRPA12, and potassium chan-
nels3, respectively. Transduction depolarizes the nerve termi-
nal to action potential threshold and subsequent impulse gen-
eration involves voltage-gated sodium channels (VGSC). When
temperatures get colder, the kinetics of all channels slow down
which goes along with a deterioration of sensory acuity and
motor dexterity. Nevertheless, the detection of noxious cold is
not impaired and pain in the cold is perceived even more
intensely. Evolutionary pressure to enforce protective behav-
iour against cold damage requires nociceptors to continue to
function at low temperatures. To ensure impulse generation
the superficial endings of slowly conducting cutaneous noci-
ceptive C-fibers are endowed with different VGSC α-subunits
that exhibit fast (e.g. Nav1.7) or slow (Nav1.8 and Nav1.9) kinet-
ics. Whereas the fast-gated VGSC are selectively blocked by
tetrodotoxin (TTXs), both Nav1.8 and Nav1.9 are TTX-resist-
ant. Nav1.8 is expressed exclusively in sensory neurons4. It gen-
erates a slowly-inactivating current with a high threshold for
activation and is the only VGSC that is able to generate action
potentials in the presence of TTX. Measuring sodium channel
activity reveals that under cold conditions the availability of
sodium current through fast VGSC subunits is dramatically
reduced due to slow inactivation. Yet, the inactivation proper-
ties of the TTXr channel Nav1.8 are entirely cold resistant. If
Nav1.8 is deleted, mouse cultured sensory neurons turn unex-
citable at cold temperatures5; however, the cutaneous termi-
nals are able to sustain excitability to mechanical and electri-
cal threshold stimuli which is achieved by compensatory
overexpression/alteration of TTXs fast-gated VGSC6. Strongly
reduced, however, is the sensitivity of Nav1.8 deficient nerve
endings to noxious mechanical and cold stimulation. Thus, in
the absence of Nav1.8, menthol does not exert its usual effect
of sensitizing to cold, but its action at normal skin temperature
(30∞C) remains unchanged. This shows that transduction and
electrogenesis are separate processes; while transduction by
cold/menthol is unchanged in cutaneous terminals of Nav1.8-
/- neurons, electrogenesis in the cold is strongly impaired. Puz-
zling is the finding that much smaller currents are required in
the cold than at 30∞C to trigger action potentials through
Nav1.8 in wildtype cutaneous terminals stimulated in the pres-
ence of TTX (Fig.). Measuring the electrical strength-duration
relationship in terminals allowed assessing cold-induced
changes in passive and active membrane properties. Cooling
caused an increase in the current threshold at shorter stimu-
lus durations and a prolongation of the chronaxy, the most effi-
cient stimulus duration in terms of charge transfer. Both effects
reflect the slowing of voltage-gated sodium channel kinetics

in the cold. TTX increased both the current threshold at all stim-
ulus durations and the chronaxy which is consistent with the
high threshold and slow kinetics of Nav1.8. Cooling, in pres-
ence of TTX, decreased the current thresholds at all stimulus
durations including chronaxy, reflecting an increase in input
membrane resistance that may be of particular importance in
nerve endings with their high ratio of surface area to volume.
The resulting reduction of leak conductance augments any volt-
age change caused by depolarizing currents and, thus, facili-
tates reaching the high threshold of Nav1.8 when Nav1.7 under-
goes cold block. In addition, nerve endings depolarize due to
a cold-induced block of the sodium-potassium ATP-ase, and a
closure of certain potassium channels belonging to the group
of 2-pore channels (2pK), namely TREK1, TREK2 and TRAAK
which are temperature sensitive and expressed in sensory nerve
terminals7. At body temperature 2pK channels are open, sta-
bilizing the resting membrane potential, but under cold con-
ditions their closure leads to an increase in excitability of the
nerve endings. Consistent with this concept, mice deficient of
both TREK1 and TRAAK show a remarkable hypersensitivity to
cold demonstrated by both an increase of the prevalence of
cold nociceptive fibers and of their cold response3. Nav1.8-null
mice, on the contrary, show negligible responses to noxious
cold. Taken together, the high threshold for voltage-depend-
ent fast inactivation renders Nav1.8 tolerant of tonic depolar-
ization and, due to lack of slow inactivation under cold condi-
tions it remains available as the sole electrical impulse generator
in nociceptors that transmit information to the central nervous
system.

TTX blocks excitability of nociceptor nerve endings, and cold tempera-
tures reverse the TTX block. Electrical thresholds of saphenous nerve C-
fiber terminals at 30∞C (open bars) and 10∞C (filled bars) before and in
the presence of TTX. Cooling doubled thresholds for electrical excitation.
Application of TTX blocked the units at 30∞C but cooling to 10∞C recov-
ered excitability.

Dhaka A, Murray AN, Mathur J, Earley TJ, Petrus MJ, Patapoutian A.
TRPM8 is required for cold sensation in mice. Neuron. 2007;54:371-8

Karashima Y, Talavera K, Everaerts W, Janssens A, Kwan KY, Vennekens
R, Nilius B, Voets T. TRPA1 acts as a cold sensor in vitro and in vivo.
Proc Natl Acad Sci U S A. 2009 106:1273-8
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Spontaneous pain and ion channels in uninjured afferent
neurons

L. Djouhri1 and S. Lawson2

1Pharmacology, University of Liverpool, Liverpool, L69 3GE, UK
and 2Physiology&Pharmacology, University of Bristol, Bristol, BS8
1TD, UK

Chronic pain, both inflammatory (pain associated with tissue
injury/inflammation) and neuropathic (pain associated with
nerve injury/dysfunction), can be devastating and constitute
a major health problem. Spontaneous/ongoing pain (stimu-
lus-independent pain) is arguably the most debilitating aspect
of neuropathic pain in humans. It is unavoidable and commonly
occurs even without hyperalgesia. Despite its clinical impor-
tance spontaneous neuropathic pain remains very hard to treat
because its underlying mechanisms are surprisingly poorly
understood, possibly because most animal studies have
focused exclusively on the more easily quantified evoked pain
behaviours. Using an animal (rat) model of neuropathic pain
that shows significant spontaneous foot lifting (a sign of spon-
taneous pain in animals), we have recently shown that the
amount of spontaneous pain behaviour is related to rate of
spontaneous activity in a subpopulation of uninjured C-noci-
ceptors with intact fibres commingling with damaged affer-
ent fibres (Djouhri et al. 2006). This had not been described
before probably because most investigations have focused on
injured rather than uninjured neurons. The animal model we
used was termed modified Spinal Nerve Axotomy (mSNA)
which involves in addition to L5 spinal nerve axotomy (SNA)
loose ligation of the adjacent L4 spinal nerve with inflamma-
tion-inducing chromic gut)(see Djouhri et al., 2006). For elec-
trophysiological experiments we used female rats (150-180g)
anaesthetised with pentobarbitone (60 mg kg-1, i.p.), paral-
ysed with pancuronium (0.5 mg/kg i.a.) and artificially venti-
lated. End-tidal CO2 was maintained at about 4% and blood
pressure was usually >80 mmHg (see Djouhri et al., 2006). We

also found a similar correlation between the rate of sponta-
neous activity in C nociceptors and spontaneous pain behav-
iour in an animal model of chronic inflammatory pain. These
findings will be presented together with some preliminary
results showing that the hyperpolarisation-activated cyclic
nucleotide gated (HCN) channels, which mediate the hypeo-
plarization activate current (Ih), may contribute to spontaneous
activity generation in nociceptive primary afferent neurons and
thereby spontaneous pain associated with tissue inflammation
and nerve injury.

Djouhri et al., (2006). J. Neuroscience, 26(4), 1281-1292.

The work is supported by the Welcome trust and MRC, UK.
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Mechanotransduction mechanisms in Merkel cells

E.A. Lumpkin1, H. Haeberle1, S. Wellnitz1, S. Maricich2,
A. Nelson1, D. Lesniak3, G. Gerling3 and H. Zoghbi4

1Neuroscience, Molec. Physiol. & Biophys., Molec. & Human
Genetics, Baylor College of Medicine, Houston, TX, USA, 2Pediatrics,
Case Western Reserve Univ. School of Medicine, Cleveland, OH, USA,
3Systems & Information Engineering, University of Virginia,
Charlottesville, VA, USA and 4Pediatrics, Baylor College of Medicine,
Houston, TX, USA

The sense of light touch is critical for hand dexterity that allows
mammals to recognize and grasp objects. Psychophysical and
neurophysiological studies have shown that different quali-
ties of touch are encoded by somatosensory neurons with dis-
tinctive coding properties (Johnson, 2001). Particularly impor-
tant for tactile discrimination, shapes and textures are encoded
by Merkel cell-neurite complexes, which mediate slowly adapt-
ing type I (SAI) responses (Iggo and Muir, 1969; Woodbury and
Koerber, 2007). Merkel cells, which are found in fingertips and
other highly touch-sensitive skin areas (Halata et al., 2003), are
enigmatic skin cells first described in 1875 (Merkel, 1875). The
role that these cells play in SAI responses has been the subject
of controversy for 40 years (Halata et al., 2003). 
Based on morphology, Merkel cells are proposed to be
mechanosensory cells (Halata et al., 2003; Haeberle and Lump-
kin, 2008). If this model is correct, Merkel cells should 1) trans-
duce force into membrane-potential changes that gate volt-
age-activated ion channels and 2) signal afferent neurons
through synaptic transmission. Functional studies testing these
predictions in intact skin have produced conflicting results
(Halata et al., 2003; Haeberle and Lumpkin, 2008). To tackle
these questions, my laboratory uses a combination of mouse
genetics, simplified in vitro systems and intact electrophysio-
logical recordings. In vitro studies have demonstrated that
Merkel cells are intrinsically force-sensitive and that voltage-
activated channels open downstream of mechanical stimuli.
Using genomics, we identified hundreds of highly enriched
Merkel-cell transcripts. Importantly, many encode neuronal
transcription factors, ion channels and synaptic proteins. Col-
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lectively, these results suggest that Merkel cells are capable of
serving as touch receptor cells and pave the way to discover
transduction mechanisms. 
To determine whether Merkel cells are necessary for touch
responses in the intact skin, we used Cre-loxP technology to
generate mice that selectively and completely lack Merkel cells
in the body skin and footpads. We then used an ex vivo skin-
nerve preparation to survey the classes of touch-sensitive affer-
ents in the saphenous nerve. Although we found no significant
differences in mechanosensitive C- and A-delta afferent fibers,
we observed a complete loss of SAI responses among A-beta
afferents in mice lacking Merkel cells (0/26 afferents) compared
with wild-type mice (8/39 afferents; P<0.02, Fisher’s exact test).
These results demonstrate that Merkel cells are required for
appropriate sensory coding in SAI afferents.
Haeberle, H. & Lumpkin, E. A. (2008) Chem. Percept. 1, 110-18.

Halata, Z., Grim, M. & Bauman, K. I. (2003) Anat Rec 271A, 225-39.

Iggo, A. & Muir, A. R. (1969) J Physiol 200, 763-96.

Johnson, K. O. (2001) Curr Opin Neurobiol 11, 455-61.

Merkel, F. Arch Mikrosk Anat (1875) 11, 636-52.

Woodbury, C. J. & Koerber, H. R. (2007) J Comp Neurol 505, 547-61.
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Modulation of nociceptor firing by HCN ion channels

A. Momin1, E. Berrocoso1, E. Emery1, M. Lieberman1, A. Mason2

and P.A. McNaughton1

1Department of Pharmacology, University of Cambridge,
Cambridge, UK and 2Schering-Plough Research Institute,
Newhouse, UK

Nociceptive neurons generate trains of action potentials in
response to painful stimuli, and the frequency of firing signals
the intensity of the pain. Pro-inflammatory mediators such as
prostaglandin E2 (PGE2) enhance the sensation of pain by
increasing the frequency of action potential firing in response
to a given level of painful stimulus. One hypothesis to explain
the increase proposes that the threshold for action potential
initiation is lowered because the activation curve of a noci-
ceptor-specific voltage-activated Na current, NaV1.8, is shifted
to more negative values by PGE2 (Akopian et al., 1996; England
et al., 1996). Recent measurements in our lab show, however,
that the action potential threshold in fact changes little when
AP firing is accelerated by PGE2 (Momin et al., 2008). The
enhanced firing is, however, abolished by a blocker of an inward
current activated by hyperpolarisation, called Ih. The voltage
sensitivity of Ih shifts in the positive direction in small nocicep-
tive neurons when they are exposed to pro-inflammatory medi-

ators, such as PGE2, which activate adenylate cyclase and there-
fore increase levels of cAMP. By this mechanism the inward cur-
rent between the resting membrane potential and the thresh-
old for firing of action potentials is enhanced, and the rate of
depolarisation in the interval between action potentials is there-
fore increased. We conclude that Ih is a major mechanism
responsible for increasing the frequency of action potential fir-
ing following tissue damage or metabolic stress.
The HCN isoforms responsible for Ih in sensory neurons have
also been investigated. Genetic deletion of HCN1 ablates the
fast-activating Ih which is seen in large neurons and in a small
sub-population of cold-sensitive neurons, but leaves unaffected
the slowly-activating Ih seen in small neurons. Interestingly, the
cold allodynia seen in a neuropathic pain model is also found
to be reduced in HCN1-/- mice. We are now investigating the
effects of deletion of other HCN isoforms on the Ih current and
on pain thresholds.
Akopian AN, Sivilotti L, & Wood JN (1996). A tetrodotoxin-resistant volt-
age-gated sodium channel expressed by sensory neurons. Nature 379,
257-262.

England S, Bevan S, & Docherty RJ (1996). PGE2 modulates the
tetrodotoxin-resistant sodium current in neonatal rat dorsal root gan-
glion neurones via the cyclic AMP- protein kinase A cascade. Journal of
Physiology 495, 429-440.

Momin A, Cadiou H, Mason A, & McNaughton PA (2008). Role of the
hyperpolarization-activated current Ih in somatosensory neurons. J
Physiol 586, 5911-5929.
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Dissecting out the different modes of TRPV1 activation
relevant to pain and thermoregulation

M.J. Gunthorpe

Neurosciences CEDD, GlaxoSmithKline, Harlow, UK

Natural products, particularly from plants, have been extremely
important contributors to our understanding of human phys-
iology and the search for new medicinal agents. The ability of
capsaicin, the pungent chemical component of chili peppers,
to evoke pain via activation of peripheral sensory neurons being
a prominent example. The study of capsaicin has fuelled pio-
neering research regarding sensory physiology for more than
a century and, more recently, enabled the cloning of the vanil-
loid receptor (VR1; Caterina et al 1997) that is now known as
TRPV1 within the wider Transient Receptor Potential (TRP) ion
channel superfamily (Clapham, 2003).
TRPV1 is often termed a multimodal receptor since, in addition
to activation by a range of exogenous and endogenous chem-
ical agonists such as capsaicin and anandamide, it can respond
to multiple divergent stimuli such as heat (>42∞C), protons
(acid, pH<6) and changes in membrane voltage. TRPV1 activ-
ity is also subject to regulation by a host of intracellular signal-
ing cascades that may terminate in changes in receptor phos-
phorylation or
phosphatidylinositol-4,5-bisphosphate-mediated inhibition,
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and are implicated in the response to algogenic agents, inflam-
matory mediators and injury (Gunthorpe & Chizh, 2009). 
Knowledge regarding the biological effects of capsaicin, the
lack of thermal hyperalgesia exhibited by TRPV1 knockout mice
in response to inflammatory insult, and the anti-hyperalgesic
effects of TRPV1 antagonists in a range of preclinical pain mod-
els has led to broad interest in the development of selective
TRPV1 antagonists for the treatment of pain. Indeed, a num-
ber of selective multimodal TRPV1 antagonists have now been
extensively characterized in preclinical studies and have entered
clinical development for pain and other indications (Gunthorpe
& Chizh, 2009). 
In concert with numerous studies that have aided our under-
standing of peripheral, spinal and supraspinal sites where TRPV1
receptors contribute to signaling in the pain pathway, exten-
sive recent research efforts have also uncovered new and unex-
pected physiological roles for TRPV1. This includes a contribu-
tion to the homeostatic control of core body temperature
where tonic TRPV1 inhibition by antagonist exposure can cause
hyperthermia (Gavva et al 2007). TRPV1-mediated hyperther-
mia appears to be an ‘on-target’ effect since it has been
reported for a number of distinct TRPV1 antagonists in a range
of species including rat, dog, monkey and human and is absent
in TRPV1 knockout mice. It may, therefore, pose a significant
hurdle for the further development of such novel analgesic
agents. 
Given these findings, recent experimental work has been initi-
ated to gain a detailed understanding of the mechanism of
TRPV1-mediated hyperthermia with a view to either control-
ling, minimizing or circumventing this issue. Current perspec-
tives for identifying novel TRPV1 therapeutics avoiding hyper-
thermia ‘by design’ by selective inhibition of specific modes of
TRPV1 activation, as well as other strategies, will be presented.
Caterina MJ et al. (1997). Nature 389,816-824.

Clapham DE (2003). Nature 426, 517-24.

Gavva NR et al. (2007). J Neurosci 27, 3366-74.

Gunthorpe MJ & Chizh BA (2009). Drug Discovery Today 14,56-67
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Determination of muscle shortening velocity by the
conformation of the myosin nucleotide pocket

R. Cooke1, T. Purcell1, N. Naber1, K. Franks Skiba1 and E. Pate2

1Univ California, San Francisco, CA, USA and 2Wash. St. Univ,
Pullman, WA, USA

The velocity of shortening in different muscles is thought to be
controlled in part by the release of ADP at the end of the pow-
erstroke. ADP binds more tightly and is released more slowly
in slower myosins. To probe the energetics of this transition we
have used spin probes attached to the ribose of ADP (SL-ADP)
to measure conformational changes at the nucleotide pocket
of myosin in the Actin-Myosin-SL-ADP complex. Our previous
results have shown that the nucleotide pocket of fast skeletal
myosin-SL-ADP is closed and that it opens upon binding to actin.

This result appears reasonable as an open pocket should facil-
itate the release of ADP. The spectra show that the pocket is in
an equilibrium between 2 conformations, which are termed
open and closed. Data were obtained for a series of myosins
with different velocities. The spectra showed the same two con-
formations as were seen with the fast skeletal myosin, however
the equilibrium between these two states depended on the iso-
form, with the open conformation more favorable in slower
myosins. This result is unexpected because the open pocket is
thought to be associated with a weaker affinity for ADP, while
slower myosins are known to bind ADP more tightly. The abil-
ity to observe the structural equilibrium gives an insight into
the energetics of the actomyosin ADP state. These results have
been analyzed in a new model of the energetics of the Actin-
Myosin-ADP complex, which explains both the spin label spec-
tral results and the control of ADP affinity and hence muscle
shortening velocity. Extending the analysis, the energetics of
the structural change also correlates with changes in muscle
efficiency, suggesting that the energetics of this state play a
central roll in the trade off between speed and efficiency in
myosin.

Funding was received from the NIH, HL32145

Where applicable, the authors confirm that the experiments
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requirements.
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Plasticity of regenerated skeletal muscle

A. Bigard, H. Sanchez and N. Koulmann

CRSSA, La Tronche, France

Adult skeletal muscles comprise a large number of fibres, with
different morphological, contractile and biochemical proper-
ties. Myosin heavy chain (MHC) isoforms play a key role in deter-
mining muscle mechanical properties, and in parallel with
energy metabolism determinants, account for muscle pheno-
type. The expression of MHC isoforms is under the control of a
number of external factors such as neuromuscular activity,
mechanical loading and altered motoneuron impulse patterns.
Although skeletal muscle adapts to altered functional demand,
myofibres exhibit a limited capacity to changes in MHC expres-
sion, supporting the concept of a limited adaptive range of
myofibre transitions. 

Skeletal myogenesis results from a well-established
sequence of cellular events, which involves several waves of for-
mation of myotubes from distinct muscle cell precursors. Then,
in addition to its phenotypic heterogeneity, skeletal muscle
diversity also results from the heterogeneity muscle cell pre-
cursors. It has been previously suggested that the existence of
distinct populations of myoblasts may at least partly, explain
the limited range of muscle plasticity. In contrast to adult mus-
cle, regenerated muscle comprises myofibres arising from a
homogeneous population of muscle cell precursors, namely
satellite cells. Then, studying the response of regenerated skele-
tal muscle to factors known to control muscle phenotype allows
examining whether the existence of discrete populations of
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early myogenic cells plays a role in the extent of muscle plas-
ticity (Bigard et al, 1999).

There are experimental evidences that regenerated slow-
twitch muscles demonstrate a more complete and more
marked response than intact non-injured muscles to removal
of weight-bearing activity. Similarly, the developmental history
of myofibres could play a role in the adaptability of skeletal mus-
cle to motor innervation, increase in functional load (Bigard et
al, 2001) and endurance training (Bigard et al, 1999, 2000).
Moreover, regenerated muscles showed a higher responsive-
ness to calcineurin inhibition through prolonged cyclosporin
(CsA) administration (Koulmann et al, 2006). However, this
higher plasticity of regenerated muscle seemed to be restricted
to adaptive responses of MHC expression (Bigard et al, 2000 ;
Zoll et al, 2001). 

Taken together, these findings are consistent with the con-
cept that the myogenic lineage may account for the extent of
muscle plasticity. The distinct embryonic origin of muscle satel-
lite cells contributes to explain, at least partly, the high respon-
siveness of regenerated muscles to changes in muscle func-
tional load.
Bigard AX et al (1999) Acta Physiol Scand 165, 185-192.

Bigard AX et al (2000) J Muscle Res Cell Motility 21, 269-278.

Bigard AX et al (2001) Am J Physiol 281, C1686-1694.

Koulmann N et al (2006) J Cell Physiol 208, 116-122.

Zoll J et al (2001) J Muscle Res Cell Motility 22, 141-147.
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Physiological considerations on neuromuscular electrical
stimulation

N. Maffiuletti
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Neuromuscular electrical stimulation (NMES) involves artifi-
cially activating the muscle with a protocol designed to mini-
mize the discomfort associated with the stimulation. Typical
settings of NMES exercise involve the application of electrical
stimuli delivered in intermittent trains through surface elec-
trodes positioned over the muscle motor point and pre-pro-
grammed stimulation units. Since the 18th century this method
has been used either to supplement or to substitute for volun-
tary activation of muscle in many rehabilitation settings, e.g.,
for muscle strengthening, maintenance of muscle mass and
strength during prolonged periods of immobilization. Despite
the lack of scientific evidence regarding the physiological adap-
tations to NMES exercise - particularly for impaired muscles -
recent studies have demonstrated the effectiveness of NMES
programs for the improvement of both physical and muscle
function in orthopaedic, cardiovascular, neurology, and mus-
culoskeletal patients.
The application of NMES results in metabolic and neuromus-
cular effects - both acute and chronic - which are extremely dif-

ferent compared to voluntary muscle activation. A good knowl-
edge of the characteristics of the electrical current, as well as
of the specific physiology of electrically evoked contractions,
is required to optimize the effectiveness of NMES treatments
and to minimize the risks associated to this procedure. There-
fore, after a quick overview of the methodological basis of
NMES, I will focus on two aspects of NMES physiology that have
been the subject of numerous discussions in the last 20 years:
the involvement of the nervous system during peripheral NMES
and the differences in motor unit recruitment pattern between
NMES and voluntary contractions.
Surface NMES is generally considered a technique to activate
muscles without involving the nervous system. However, the
magnitude of central effects evoked by the peripheral stimu-
lation can be substantial. First, NMES evokes a muscle con-
traction by activating intramuscular branches of the nerve to
the muscle and not the muscle fibres directly. Second, in intact
systems NMES does not actually bypass the peripheral nervous
system - because of the bilateral propagation of action poten-
tials along the stimulated axons - and would even activate spinal
neurons via reflex inputs to the spinal cord (see Collins et al.
2007) and selected brain regions in a dose-response manner
(Smith et al. 2003). Third, a series of fatigue and training stud-
ies completed in our laboratory have demonstrated that NMES
could evoke widespread activity within the central nervous sys-
tem that is capable of mediating a range of acute and chronic
neural adaptations, e.g., increased muscle activation (Maffi-
uletti et al. 2002), cross-education effect.
When skeletal muscles are artificially activated, as with NMES,
the involvement of motor units is quite different from that
underlying voluntary activation. The main argument in favour
of such a difference is that large-diameter axons are more eas-
ily excited by electrical stimuli, which would alter the activa-
tion order compared with voluntary contractions. However,
human experiments yielded contradictory findings with some
studies suggesting preferential/selective activation of fast
motor units with NMES, and others demonstrating minimal or
no difference between the two contraction modalities. We and
others (Gregory & Bickel, 2005) have recently suggested that
NMES-induced motor unit recruitment is synchronous, spa-
tially fixed (rather superficial), and nonselective/random, i.e.,
muscle fibres are recruited without obvious sequencing related
to fibre types, and therefore NMES can be used to activate fast
(in addition to slow) motor units at relatively low force levels.
The main consequence of such a particular motor unit recruit-
ment pattern is the exaggerated metabolic stress of a stimu-
lated contraction compared to a voluntary action of the same
intensity (Vanderthommen et al. 2003), which inevitably results
in greater (and earlier) muscle fatigue.
The above-discussed physiological differences between elec-
trically evoked and voluntary contractions constitute an argu-
ment in favour of the combination of these two modalities of
activation in the context of rehabilitation.
Collins DF (2007). Exerc Sport Sci Rev 35, 102-109.

Gregory CM & Bickel CS (2005). Phys Ther 85, 358-364.

Maffiuletti NA et al. (2002). J Appl Physiol 92, 1383-1392.

Smith GV et al. (2003) Exp Brain Res 150, 33-39.
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The role of IGF-I in skeletal muscle function

E.E. Spangenburg

Department of Kinesiology, University of Maryland, College Park,
MD, USA

Induction of insulin-like growth factor-I (IGF-I) expression is
thought to be a major contributor to muscle development and
to muscle adaptation in response to exercise training (1,2). IGF-
I expression increases in skeletal muscle in response to mechan-
ical load or muscle injury. The increase in IGF-I expression is an
initiating event for downstream signaling events that are
thought to regulate mechanisms including protein synthesis
and cellular proliferation (1,2). Much of our understanding con-
cerning the mechanistic roles of IGF-I has been delineated by
gain of function experiments where exogenous IGF-I has been
delivered to the muscle (3). Unfortunately, loss of function
experiments has been prohibitive because traditional knock-
out models of the IGF-I system are often fatal. To gain a better
understanding of IGF-I, my laboratory has utilized a transgenic
mouse model that expresses a dominant negative IGF-I recep-
tor specifically in skeletal muscle (MKR) (4). These mice express
normal amounts of IGF-I, but due to the mutated IGF-I recep-
tor the muscle does not respond to IGF-I exposure. These mice
are viable, but exhibit ~20-40% reductions in skeletal muscle
mass, with no differences detected in heart mass. We have used
these mice to examine the role of IGF-I in muscle hypertrophy
and signaling mechanisms that regulate protein translation.
Specifically, we have found using the functional overload model
(FO) that the muscle hypertrophic response of the MKR mice is
equivalent to that of the WT mice (4). These data suggest that
a functional IGF-I receptor is not necessary for muscle hyper-
trophy. Further, we have found that mutation of the IGF-I recep-
tor does not prevent load-induction of the Akt-mTOR path-
way in the FO model (4). These data indicate that when using
a chronic model of mechanical loading activation of the IGF-I
receptor is not critical for the induction of the Akt-mTOR sig-
naling pathway. IGF-I is also thought to be critical in the recov-
ery from muscle injury. Interestingly, in preliminary studies we
have found that the MKR mice are very susceptible to contrac-
tion-induced muscle injury compared to WT mice. These data
suggest that the IGF-I receptor may provide a protective effect
to the muscle. Clearly, much of our understanding of the role
of IGF-I continues to be unraveled, but it is clear that the role
of IGF-I is complex and will necessitate more studies.
Chakravarthy, M. V., F. W. Booth, and E. E. Spangenburg. The molecu-
lar responses of skeletal muscle satellite cells to continuous expression
of IGF-I: implications for the rescue of induced muscular atrophy in aged
rats. Int. J. Sports Nut. and Exer. Metab. (2001), 11: S42-S46.

Adams, G. R. Autocrine/Paracrine IGF-I and skeletal muscle adaptation.
J. Appl. Physiol. (2002) 93: 1159-1167.

Vyas, D., E. E. Spangenburg, T. W. Abraha, T. E. Childs, and F. W. Booth.
Active GSK-3B attenuates skeletal muscle myotube hypertrophy. Am.
J. Physiol. (Cell Physiol) (2002) 283: C545-C551.

Spangenburg, E. E., D. LeRoith, C. W. Ward, S. C. Bodine. A functional
insulin-like growth factor receptor is not necessary for load-induced
skeletal muscle hypertrophy. J. Physiol. (2008) 586 (1): 283-291
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Signaling Mechanisms that perturb skeletal muscle
hypertrophy and atrophy

D. Glass

Muscle Diseases, Novartis, Cambridge, NY, USA

Skeletal muscle atrophy stemming from cachexia is a serious
co-morbidity seen in a variety of diseases, including Cancer,
Congestive Heart Failure, COPD and AIDS. Even during simple
muscle inactivity, such as when a cast is put on a limb, the
affected muscle can decrease by as much as 50% in mass, with
a coincident decrease in functional capacity. Two E3 ubiquitin
ligases – MuRF1 (Muscle RING Finger 1) and MAFbx (Muscle
Atrophy Fbox protein), are transcriptionally upregulated in all
physiological settings of muscle atrophy that have been ana-
lyzed.  The pathways which regulate these ligases and sub-
strates of  MuRF1 - which comprise part of the skeletal muscle
contractile apparatus - will be discussed; settings where MuRF1
is differentially active on its substrates suggests the possibility
of an ordered breakdown pathway by MuRF1 at the contractile
apparatus.  The E3 ligases are regulated by the IGF1/Akt path-
way, via the transcription factor Foxo. Recently, we’ve charac-
terized additional muscle regulators which signal into this sys-
tem; special focus will be given to myostatin, a TGFbeta family
member which inhibits muscle differentiation, and how it itner-
atcts with the IGF1/Akt/TORC1 pathway.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Muscle contractile mechanisms and performance examined
by temperature perturbation studies

K.W. Ranatunga

Dept of Physiology & Pharmacology, University of Bristol, Bristol,
UK and Dept of Physiology & Pharmacology, University of Bristol,
Bristol, UK

It is well known that muscle contraction is temperature sensi-
tive; in mammalian skeletal muscle, both the active force and
shortening velocity decrease in cooling from 35∞C to 10∞C
so that the maximal mechanical power output of muscle is
reduced to ~5-10% at 10∞C (Ranatunga, 1998). In order to iden-
tify the underlying mechanism(s), rapid temperature-jump (T-
jump) technique has been used; T-jump experiments on max-
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imally Ca-activated skinned fibres from rabbit psoas and
tetanised intact fibres from a rat foot muscle (flexor hallucis
brevis) have shown that active muscle force is endothermic, i.e.
force increases as heat is absorbed in warming (see references
in Coupland & Ranatunga, 2003). The main findings from such
temperature-studies on isometric muscle were the following. 
Firstly, whereas the rigor force decreases linearly, the active
force in muscle increases ~two-fold when the temperature is
raised from ~10∞C to high physiological (>30∞C) tempera-
tures. Force versus reciprocal absolute temperature is sig-
moidal with indication of saturation at the physiological tem-
peratures; the increase of active force on heating is not
accompanied by a concomitant increase of stiffness and, hence,
it is not due to an increase in the fraction of attached cross-
bridges (see references in Coupland & Ranatunga, 2003; Roots
& Ranatunga, 2008). Secondly, a rapid T-jump (3-5∞C in <0.2
ms) induces a bi-exponential rise (labelled phase 2b and phase
3) in force to a level as expected from steady state experiments;
the (faster) phase 2b is identified as “endothermic force gen-
eration” in attached crossbridges; so the increase of force in
warming is due to conversion of low-force to high force cross-
bridge states. Finally, on the basis of its sensitivity to inorganic
phosphate (Pi), the endothermic force generation has been
identified as a molecular step before Pi-release in the acto-
myosin-ATPase cycle that is coupled to the crossbridge cycle
(Ranatunga, 1999). Pi-induced force depression is tempera-
ture-sensitive, being less marked at higher temperatures (Cou-
pland et al., 2001).
On the basis of the well-known force-velocity relation, active
muscle force decreases below the isometric level during
steady shortening and increases above the isometric level
during lengthening, in a velocity dependent manner. There-
fore, in a recent study (Ranatunga et al., 2007), we examined
endothermic force generation in shortening and lengthen-
ing muscle fibres. A muscle fibre was maximally Ca-activated
at ~10∞C and ramp shortening or lengthening of different
velocities applied; when the force reached a steady level, a
~0.2 ms laser pulse (λ = 1.32μ) induced a T-jump of ~3∞C in
the fibre. The experiments showed that endothermic cross-
bridge force generation is enhanced during muscle shorten-
ing but inhibited during lengthening; a T-jump did not lead
to a net tension rise during lengthening. Taking T-jump force
generation as a signature of the acto-myosin-ATPase cycle,
results suggest that the cycle operates faster during short-
ening but it is inhibited during lengthening; this would
account for the well known Fenn effect that energy liberation
in muscle is enhanced during shortening and inhibited dur-
ing lengthening.
In addition to providing some insight into the contractile mech-
anisms, the basic thesis that has emerged from temperature
studies - such as the above and studies on different muscle
types, including human muscles, is that active muscle force is
endothermic (force rises on heating) but its exact underlying
molecular mechanism remains to be elucidated. Given that
temperature in peripheral muscles in the body changes read-
ily depending on the ambient conditions and exercise, findings
summarised above have some relevance with regard to mus-
cle function. The fact that mechanical power-output is
markedly temperature-sensitive, even at higher temperatures,
indicates that temperature may be a determining factor for
optimal in situ muscular performance (Ranatunga, 1998). The

finding that active muscle force is endothermic and its sensi-
tivity to products of ATP hydrolysis is decreased with warm-
ing suggests that effect of accumulation of products (e.g. Pi),
that is thought to be a major determinant of muscle fatigue,
would be less marked at the higher physiological temperatures;
indirect evidence to that effect was produced in a recent study
(see Roots et al., 2009).

Coupland ME & Ranatunga KW (2003) J. Physiol 548, 439-449.

Coupland ME et al. (2001) J Physiol 536, 879-889.

Ranatunga KW (1998) Exp Physiol 83, 371-376.

Ranatunga KW (1999) Proc Roy Soc Lond B 266, 1381-1385.

Ranatunga KW et al. (2007) J Physiol 585, 263-277.

Roots H & Ranatunga KW (2008) J Mus Res Cell Motil 29, 9-24.

Roots H et al. (2009) J Appl Physiol 106, 378–384.

I thank the Wellcome Trust Foundation for support.
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Novel ERa and ERb mediated actions in mouse pancreatic
b-cells

S. Soriano1, A.B. Ropero1, P. Alonso-Magdalena1, C. Ripoll1,
I. Quesada1, B. Gassner2, M. Kuhn2, J. Gustafsson3,4 and
A. Nadal1

1Instituto de Bioingeniería and CIBERDEM, Universidad Miguel
Hernandez de Elche, Elche, Alicante, Spain, 2Institute of Physiology,
University of Würzburg, W√ºrzburg, Germany, 3Center for Nuclear
Receptors and Cell Signaling, University of Houston, Houston, TX,
USA and 4Department of Biosciences and Nutrition, Karolinska
Institute, Huddinge, Sweden

The estrogen receptors ERalpha and ERbeta are currently con-
sidered important molecules in glucose and lipid metabolism,
although their specific roles in pancreatic beta-cells are still
greatly unknown.
The function of pancreatic beta-cells is the biosynthesis and
release of insulin, the only hormone able to decrease blood glu-
cose levels. It has been recently described that ERalpha plays
an essential role in the regulation of insulin biosynthesis by
17beta-estradiol, contributing to an enhancement of glucose-
induced insulin secretion (Alonso-Magdalena et al, 2008). In
addition, 17beta-estradiol rapidly (in minutes) decreases KATP
channel activity and increases insulin release in a cGMP depend-
ent manner (Nadal et al, 1998; Ropero et al, 1999). The 17beta-
estradiol-induced reduction of KATP channel activity is mim-
icked by the ERbeta agonist, DPN; this action is missing in
beta-cells from ERbeta knock-out mice (BERKO). Both the block-
ade of KATP channels and the release of insulin are abolished
in beta-cells obtained for guanylyl cyclase A knock out mice
(GC-A KO). Therefore, evidence indicate that the estrogen recep-
tor ERbeta and the guanylyl cyclase-A receptor (GC-A) are
involved in the 17beta-estradiol triggered action in beta-cells.
These results may be relevant to clarify the role of estrogen
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receptors in the endocrine pancreas adaptation to pregnancy
and point to ERbeta agonists as effective insulinotropic agents.
Alonso-Magdalena et al (2008) PloS ONE 3: e2069.

Nadal et al (1998) FASEB J 521: 397-407.

Ropero et al (1999) J Physiol 12: 1341-1348

Funded by Ministerio de Ciencia e Innovación. CIBERDEM is an
initiative of Instituto de Salud Carlos III.
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Roles of extra-nuclear estrogen receptors: In vitro and in
vivo models

E. Levin

UC-Irvine/Long Beach VAMC, Long Beach, CA, USA

Sex steroid receptors exist and function in pools localized to
the plasma membrane, cytoplasm (mitochondria and endo-
plasmic reticulum), and the nucleus. Distinct actions of sex
steroid hormones (such as estrogen) occur at each receptor
pool and contribute to the integrated effects of these recep-
tors for cellular functions. Sex steroid receptors traffic to the
cell membrane through palmitoylation of a cystine residue
within a conserved 9 amino acid motif present in the E domains
(ligand binding domain) of progesterone, androgen, and estro-
gen receptors alpha and beta. In this regard, proteomic
approaches have identified heat shock protein 27 as indispen-
sable for sex steroid receptor palmitoylation, as well as traf-
ficking to and signaling from the plasma membrane through
various kinase cascades. Signal transduction by estrogen
requires membrane-localized ERalpha, a pool that is sufficient
for such signaling as recently shown in a mouse that expresses
only membrane-localized but no nuclear ERalpha (JBC, 2009).
However, complex organ development and function requires
nuclear ERalpha. Cell membrane-localized ERbeta is essential
to the ability of estrogen to prevent cardiac hypertrophy, in
vitro and in vivo. In mitochondria, ERbeta predominates in breast
cancer cell lines and with estrogen blocks the ability of radia-
tion or chemotherapy agents to induce apoptotic cell death.
This occurs by estrogen/mitochondrial ERbeta stimulating man-
ganese superoxide dismutase activity rapidly, quenching ROS
formation that triggers death kinase signaling to the intrinsic
mitochondrial apoptosis pathway. We recently implicated these
events to underlie tamoxifen resistance in breast cancer mod-
els. Localization of steroid receptors to different cellular com-
partments provides plasticity to respond rapidly or in a more
prolonged fashion as appropriate to the demands of the intra
or extra-cellular environment.

Supported by Grants from NIH and the Research Service of the
Veterans Administration

Where applicable, the authors confirm that the experiments
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Rapid Signaling through Vascular Cell Membrane Estrogen
Receptors

J.R. Bender and K.H. Kim

Cardiovascular Medicine, and Immunobiology, Yale University
School of Medicine, New Haven, CT, USA

Vascular homeostasis is largely governed by regulation of
endothelial nitric oxide synthase (eNOS), and the consequent
elaboration of nitric oxide (NO). NO creates an anti-platelet
aggregatory, anti-leukocyte adhesive and anti-smooth muscle
cell proliferative environment. As such, the healthy endothe-
lium is self-protective, limiting the initiation and progression
of atherosclerosis. Although considerable debate exists regard-
ing the cardiovascular benefits of hormone replacement ther-
apy in post-menopausal women (1), there is an extensive body
of molecular and animal model data demonstrating that estro-
gen activates eNOS through rapid, receptor-mediated post-
translational modifications. It is thus imperative, for the pur-
pose of highly specific therapeutic targeting, to understand the
biology of estrogen receptors (ERs) in the endothelium. This
includes defining predominant ER isoforms, subcellular local-
ization and targeting, protein-protein interactions and, ulti-
mately, 3-dimensional structure. We have shown that the pre-
dominant ER alpha isoform in endothelial cells (ECs) from
multiple vascular beds, in multiple species, is a 46 kDa splice
variant, devoid of the N-terminal AF-1 domain (2). A subset of
these receptors, expressed in ECs, is targeted to specialized lipid
rafts, caveolae, at the plasma membrane (3). This membrane
targeting is dependent on receptor palmitoylation and inter-
actions with membrane-targeted c-Src, a non-receptor tyro-
sine kinase, the function of which is critical for ER46-mediated
rapid estrogen responses. In ex vivo studies, aortic rings from 
c-Src gene-deleted mice lose their endothelium-dependent
vasodilating responses to estrogen (4). Fluorescence Resonance
Energy Transfer imaging demonstrates a direct ER46-c-Src pro-
tein-protein interaction, enhanced by E2. Membrane-imper-
meant forms of 17 beta-estradiol (E2) cause endothelial c-Src,
phosphatidylinositol 3-kinase, Akt and eNOS activation within
20 minutes (5). Furthermore, E2 stimulates dynamic and rapid
recruitment of more ERs to the plasma membrane, thereby
amplifying the response to available ligand. These features of
ER expression and rapid activation are also seen in human
endothelial progenitor cells. ER46 contains a highly conserved
hydrophobic sequence (IILL 450-453) that is also critical for
productive insertion into the plasma membrane. When
mutated to hydrophilic residues, membrane localization,
impermeant ligand binding and rapid signaling responses are
impaired. Although considerable crosstalk between mem-
brane- and nuclear-initiated (genomic) responses occurs, it is
important to define those features of endothelial membrane
ERs to which selective therapeutic agents could be targeted,
while avoiding the more traditional gene activation-enhanc-
ing responses that dominate estrogen-induced epithelial pro-
liferation. This remains a primary goal of efforts to dissect vas-
cular cell ER biology.
Kim KH et al (2005). Science (STKE), pe28, 1-4

Russell KS et al (2000). Proc Natl Acad Sci, 97, 5930-5935
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Genomic Priming of the Anti-Secretory Response to Estrogen
in Rat Distal Colon Throughout the Estrous Cycle

F. O’Mahony, R. Alzamora and B.J. Harvey

Royal College of Surgeons in Ireland, Dublin, Ireland

The secretion of Cl- in the distal colonic cells across the apical
membrane provides the driving force for the movement of fluid
into the luminal space. In the case of cAMP dependent secre-
tion, basolateral KCNQ1 channels carry out the K+ recycling
required to establish a favourable membrane electrical poten-
tial for the secretion of Cl-. We have previously documented
that 17β-estradiol (E2) inhibited Cl- secretion via targeting of
KCNQ1 channels via the activation of the novel PKCδ isozyme
and PKA isoform I (1) The inhibition of secretion was observed
in female mucosa only and was due to a higher expression level
of PKCδ compared to the male tissue. The present study
revealed the anti-secretory response to bacterial toxins is reg-
ulated throughout the rat reproductive (estrous) cycle and is
primed by genomic regulation of the protein kinases. The study
was carried out in distal colonic epithelia from Sprague-Daw-
ley rats. Short circuit current (Isc) provided a measure of Cl-
secretion. E2 (1-10 nM) decreased Isc stimulated by bacterial
toxins in colonic epithelia during the estrus, metaestrus and
diestrus stages of the estrous cycle. A weak inhibition was
demonstrated in the proestrus stage and no inhibition of secre-
tion was observed in the male tissue. The basal expression lev-
els of PKCδ and PKA fluctuated throughout the estrous cycle.
Increased expression of both kinases correlated with an
increased anti-secretory effect of E2. Further studies demon-
strated that PKCδ and PKA were up-regulated at a transcrip-
tional level via a PKCδ-MAPK-CREB regulated pathway indicat-
ing a priming of the anti-secretory response by estrogen. PKCδ
was activated by the membrane impermeant E2-BSA and this
response was inhibited by the ER antagonists tamoxifen and
ICI 182,780. The 66KDa ERα isoform was shown to be present
at the plasma membrane of female colonic crypts and was
absent from male crypts. This study demonstrates estrogen
regulation of fluid secretion in the rat distal colon both at a rapid
acute level and a transcriptional level, demonstrating an inter-
dependent relationship between both non-genomic and
genomic hormone signaling mechanisms.
(1) O’Mahony, F., Alzamora, R., Betts, V., LaPaix, F., Carter, D., Irnaten,
M., and Harvey, B. J. (2007) J Biol Chem 282(34), 24563-24573

This work was supported by The Wellcome Trust Programme
Grant 06089/Z/00/Z and Higher Education Authority of Ireland
(HEA) PRTLI grants cycle 1 and 3. R. Alzamora is recipient of a
Wellcome Trust Studentship Prize 06379/Z/01/Z.
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Multi-modal estrogen regulation of GnRH neurons to control
fertility

A.E. Herbison

Centre for Neuroendocrinology and Department of Physiology,
University of Otago, Dunedin, New Zealand

Estrogen exerts critical feedback actions upon multiple neu-
ronal networks within the brain. One of the most important
targets for estrogen is the gonadotropin-releasing hormone
(GnRH) neuronal network that controls pituitary gonadotropin
secretion and, thus, fertility, in all mammalian species. How-
ever, the GnRH cell bodies exhibit a scattered topography within
the basal forebrain and this has greatly hindered progress in
understanding their biology. Recent transgenic approaches,
targeting GnRH neurons with fluorescent and calcium-sensi-
tive reporter molecules, have been of benefit in characterizing
the cellular and molecular characteristics of adult GnRH neu-
rons in situ. Mice with cell type-specific knockouts of estrogen
receptors (ERs) have been of great use in refining information
obtained from earlier global knockout mice. The use of these
transgenic approaches in elucidating the mechanisms of estro-
gen feedback regulation of GnRH neurons will be presented.
Data from global, neuron-specific and GnRH neuron-specific
ERα and ERβmutant mice demonstrate that ERalpha-express-
ing neurons are critical for estrogen’s positive feedback actions.
As GnRH neurons do not express ERalpha, estrogen feedback
must occur through ERalpha-expressing neuronal afferents to
GnRH neurons. Experiments using Cre-dependent Pseudora-
bies virus in GnRH-Cre transgenic mice to trace these afferents,
indicate that ERalpha-expressing neurons innervating GnRH
neurons are located predominantly in the periventricular pre-
optic area. On-going electrophysiological and imaging studies
suggest that neurons expressing the newly discovered neu-
ropeptide, kisspeptin, provide a critical estrogen-sensitive neu-
ronal population regulating the activity of GnRH neurons.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Modulation of plasma membrane Ca2+ channels and
transporters by mitochondria

N. Demaurex

Department of Physiology, University of Geneva Medical Center,
Geneva, Switzerland

Mitochondria take up and then release Ca2+ ions, and this trans-
mitochondrial Ca2+ cycle modulates plasma membrane Ca2+

channels in several ways. By buffering incoming Ca2+ ions, sub-
plasmalemmal mitochondria prevent the Ca2+-dependent inac-
tivation of Ca2+ entry channels whereas, by relaying the cap-
tured Ca2+ ions to the endoplasmic reticulum, mitochondria
facilitate the refilling of intracellular Ca2+ stores and promote
the closure of store-operated Ca2+ channels. Conditions that
remove mitochondria from the subplasmalemmal space thus
prevent the refilling of the endoplasmic reticulum and might
augment cytosolic Ca2+ elevations to toxic levels. Mitochon-
dria also move protons to generate ATP, and their metabolic
activity is thus affected by changes in cell pH. By measuring pH
changes simultaneously in the cytosol and in mitochondria, we
observed that both compartments acidify during cytosolic ele-
vations evoked by Ca2+-mobilizing agonists. Contrary to a com-
mon assumption, the trans-mitochondria pH gradient did not
increase, but instead nearly collapsed during these bouts of
acidification evoked by agonists. The acid load was proportional
to the cumulative increase in cytosolic Ca2+, regardless of
whether cells were stimulated with Ca2+-mobilizing agonists
or with thapsigargin to deplete Ca2+ stores and activate store-
operated Ca2+ channels. In contrast, no acidification was
observed despite massive Ca2+ elevations when plasma mem-
brane Ca2+ pumps (PMCA) were inhibited with 5 mM La3+ or
alkaline pHo(8.8). This indicates that the excess acid is due to
the activity of PMCA, consistent with the thermodynamics of
these pumps that mediate the import of two H+ ions for each
Ca2+ ion extruded. The collapse of the mitochondrial pH gra-
dient caused by active PMCA shuts down ATP production when
Ca2+ is extruded from cells during the restoration of normal
Ca2+ levels. This pH connection renders mitochondria func-
tionally silent, uncoupling metabolism from cell signalling dur-
ing the decaying phase of Ca2+ responses.

Supported by SNF grant No 31-118393

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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How mitochondria and ROS control calcium dependent T-
cell activation

A. Quintana1, I. Bogeski1, C. Kummerow1, D. Al-Ansary1,
C. Junker1, M. Pasche2, U. Becherer2, J. Rettig2, B.A. Niemeyer1,
E.C. Schwarz1 and M. Hoth1

1Biophysics, Saarland University, Homburg, Germany and
2Physiology, Saarland University, Homburg, Germany

T-cell activation is required for the adaptive immune response.
Formation of the immunological synapse (IS) between T-cells
and antigen-presenting cells provides a highly-organized
molecular mechanism to integrate cell surface events into T-
cell activation. Calcium influx through CRAC/ORAI1 channels
at the IS is necessary for T-cell activation. We show that for-
mation of the IS induced cytoskeleton-dependent mitochon-
drial re-distribution to the immediate vicinity of the IS. Using
total internal reflection microscopy, we found that upon stim-
ulation the distance between the IS and mitochondria was
decreased to values smaller than 200 nm. Consequently, mito-
chondria close to the IS took up more calcium than the ones
further away from the IS. The re-distribution of mitochondria
to the IS decreased the calcium microdomain at the IS and was
necessary to maintain calcium influx through CRAC/ORAI1
channels by inhibiting their calcium dependent inactivation.
Reactive oxygen species (ROS), which among other sources are
generated by mitochondria, were found to inhibit CRAC/ORAI1
channels through cysteine oxidation adding a negative feed-
back inhibition of calcium entry by mitochondria. The intimate
contact between mitochondria and the plasma membrane at
the IS thus controls T-cell activation in a calcium and ROS
dependent manner.

This project was funded by the Deutsche Forschungsgemein-
schaft (SFB 530, projects A3, C9 and C12, DFG grant HO 2190/1-
2, and the Graduate College “Molecular, physiological and phar-
macological analysis of cellular membrane transport”) and a
competitive inter-faculty grant from HOMFOR.
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Dystrophic Cardiomyopathy: a Model for ROS-Induced
Alterations of Ca2+ Signalling and EC-Coupling

E. Niggli1, N.D. Ullrich1, E. Polakova2, A. Martins2,
M. Fanchaouy1, J. Ogrodnik1 and N. Shirokova2

1Department of Physiology, University of Bern, Bern, Switzerland
and 2Department of Pharmacology & Physiology, UMDNJ, Newark,
NJ, USA

In cardiac muscle cells, each contraction is governed by Ca2+

release from intracellular stores, the sarcoplasmic reticulum
(SR). The Ca2+ release channels, a.k.a. ryanodine receptors
(RyRs), are located in the SR membrane and become activated
by the Ca2+-induced Ca2+ release mechanism. The function of
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these channels can be affected by various posttranslational
modifications and by several mutations that were identified
recently. Most RyR mutations of the cardiac channel isoform
are associated with arrhythmias, often manifest as cate-
cholaminergic polymorphic ventricular tachycardias (CPVTs)
induced by emotional stress or physical activity. As a serious
complication, these CPVTs can lead to sudden cardiac death
(SCD). When heterologously expressed, mutated RyR channels
exhibited changes of channel gating resulting in accidental and
spontaneous SR Ca2+ release and an abnormally sensitive Ca2+

dependent activation, both being potentially arrhythmogenic
by inducing Ca2+ activated depolarizing membrane currents.
Like inherited mutations of the channel, acquired modifications
of the RyR can also lead to similar functional changes on the
molecular level, that assemble into a comparable cellular phe-
notype. In our studies we characterized EC-coupling and Ca2+

signalling in mdx mouse cardiomyocytes, a model of dystrophic
cardiomyopathy. Cells were examined using confocal imaging
of Ca2+ signals, quantification of reactive oxygen species (ROS),
in combination with the whole-cell voltage-clamp technique
and pharmacological tools. Dystrophic myocytes were found
to have hypersensitive Ca2+ signalling and elevated EC-coupling
gain, but also showed more pronounced ROS generation, par-
ticularly after mechanical stress (Jung et al., 2008). Many of the
Ca2+ signaling disturbances could be corrected by reducing
agents (e.g. MPG), by superoxide dismutase (SOD) mimetics
or by inhibitors of ROS generating NAD(P)H oxidases. Taken
together, our findings suggest that the RyR hypersensitivity in
dystrophic cardiomyocytes may result from redox modifica-
tions of the channel proteins. These and related observations
indicate that malfunctions of intracellular Ca2+ release chan-
nels are one of the cornerstones of cardiac Ca2+ signalling abnor-
malities and underlie some types of arrhythmias, therefore ren-
dering them attractive as future drug targets. The simultaneous
presence or activation of several of these channel sensitizing
mechanisms, such as RyR oxidation combined with β-adren-
ergic stimulation, possibly with subsequent phosphorylation
of the RyRs, may be particularly detrimental.
Jung C, Martins A, Niggli E & Shirokova N. (2008) Dystrophic car-
diomyopathy: amplification of cellular damage by Ca2+ signaling and
ROS generating pathways. Cardiovasc Res 77, 766-773.
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Novel regulatory mechanisms of the mitochondrial
permeability transition pore

A. Rasola

Scienze Biomediche, Università di Padova, Padova, Italy

The effector role of mitochondria in cell death regulation is
accomplished by massive Ca2+ release, by unbalanced ROS gen-
eration and by inhibition of ATP production which eventually
affects all cellular energy-dependent processes. The mito-
chondrial permeability transition pore (PTP) is an inner mito-
chondrial membrane megachannel which acts as a key switch

to mitochondrial dysfunction, and integrates Ca2+- and ROS-
dependent stimuli. Stable opening of the PTP constitutes a point
of no-return in cell commitment to death, as it results in mito-
chondrial membrane depolarization, mitochondrial swelling,
and rupture of the outer mitochondrial membrane.
Open–closed transitions of the pore are strictly regulated. An
altered PTP-dependent mitochondrial dysfunction can lead to
changes in the response to apoptogenic stimuli, and dysregu-
lation of pore opening is therefore involved in several diseases.
For instance, PTP inhibition might be a strategy used by tumor
cells to escape death.
Even if the molecular composition of the PTP remains unknown,
it is established that pore opening is favored by the matrix pep-
tidyl prolyl cis-trans isomerase cyclophilin (CyP-D). CyP-D can
form a complex with the chaperone TRAP-1, and the latter dis-
plays a survival activity and is overexpressed in cells exposed
to pro-apoptotic insults. 
Here I discuss the possibility that several signalling pathways
converge on PTP regulation by targeting CyP-D and/or TRAP-
1. These modes of pore tuning might be relevant in models of
neoplastic transformation.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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The Bygone and the Modern: Loss and Repair

O. Hutter

Institute of Physiology, University of Glasgow, Glasgow, UK

To study physiology 60 years ago was an experience greatly dif-
ferent from that met by students now. Most days were spent in
the laboratory with an isolated tissue, or an insentient animal
preparation, or a human subject. Such rich first-hand experi-
ence brought many rewards: above all it ensured that the many
discoveries one had not repeated oneself, or seen demon-
strated, could be realistically envisaged. 
Today’s students are adept at interpreting the virtual world to
which they have been exposed from infancy. That aptitude and
the wealth of illustrative and often challenging didactic mate-
rial nowadays available in the virtual setting can help to stretch
imagination and develop intellectual prowess. But without
engagement of all faculties, as in truly experiential learning, the
education thus acquired and its usefulness in the real world
remains limited. To mitigate this deficit and to re-establish a
cadre with the skills necessary for continued essential research
in integrative mammalian physiology, several departments have
started to offer appropriately regulated courses in integrative
mammalian physiology for selected students at the post-grad-
uate level.
The majority of medical students in the UK, however, remain
starved of experiential learning of physiology. Symptomatic is
the draft curriculum recently floated by a working party of the
Society. Laudably, it includes under each heading items that
might be suitable for constructing scenarios for problem-based
learning. But, so far, indications of suitable practical work are
conspicuously absent. Yet even in today’s straitened circum-
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stances, a wide range of significant observations and experi-
ments, especially on human subjects - many requiring little
equipment and open to quantitative refinement - can serve to
develop the real-world skills and investigative curiosity which
can be fostered by the study of physiology.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Successful implementation of mandatory on-line pre-
laboratory quizzes across several first year Units in
Physiology: Why, what, when and how much?

P.D. Langton, F.M. MacMillan, R. Helyer, E. Lloyd, P.M. Headley
and J.R. Harris

Department of Physiology & Pharmacology, University of Bristol,
Bristol, UK

Why? In common with many UK degree programmes in phys-
iology, Bristol invests significant resource into laboratory prac-
tical (LP) teaching to ensure that graduates have appropriate
laboratory skills. Increased numbers of students and institu-
tional goals that reward activities which compete with teach-
ing has, over a period of years, led to a reduction in the num-
ber of write-ups that the students are required to produce and
as a consequence the amount of feedback they receive. Mak-
ing LPs mandatory and combining a promissory threat that
examination questions often focus on LP work tends not to
enthuse or engage the majority of students and many arrive ill-
prepared for each LP.
What? Accepting the premise that assessment drives learn-
ing (1, 2), the department chose mandatory on-line pre-prac-
tical quizzes (PPQs) as a solution to the problem of poor stu-
dent preparation and engagement. Using the Perception
Questionmark application, PPQs were constructed for nine LPs
as well as two quizzes that focussed on general laboratory skills,
numeracy and experimental design.

When? The decision, taken in 2005_6, to develop the PPQs
resulted in a trial in 2006_7 in which the PPQs were optional,
followed by our first full year in 2007_8, both targeting the
Physiological Sciences B.Sc programme. In practical terms,
PPQs become unavailable an hour before each LP but, impor-
tantly, we allow repeated access to each PPQ for one week.
However, students were repeatedly made aware that the score
from their first attempt would be used to calculate their run-
ning average.
How [much]? Compliance can be an issue if an educationally
sound activity is made optional with the result that incentives
are often sought, such as contribution towards coursework
marks (3). For unsupervised, on-line quizzes the opportunity
to defraud the system is obvious and there is evidence that it
is exploited (3). Our strategy was to make PPQs mandatory with
an overall average of 40% required for students to be regarded
to have ‘satisfactorily’ completed the coursework element of
our Physiological Science first year Unit. Students were
reminded that failure to ‘satisfactorily’ complete course can
result in the withholding of credit points. Our data, which
amounts to five student cohorts and four different degree pro-
grammes, suggests this strategy was effective as compliance
was excellent; completion rates range from 90% to 96% (n =
774 students). In 2007_8, only four students fell below the
required average and, as they passed the end of year exami-
nations, credits were awarded. The median score per cohort
has been approximately 70% (range 64 to 76%).
Good compliance may stem from the choice of format; only 13
questions in each, with a variety of question types. Solicited
student feedback included comments such as, “just the right
amount of questions, did not take too much time – no boredom”
and “good format and balance of knowledge and calculation prob-
lems”. A small number of questions were drawn directly from
the practical schedule, to encourage students to read the sched-
ule; something that the instruction for each test recommends.
Student feedback comments were quite clear on this point,
“They [PPQs] were very relevant to the practical and required read-
ing of the practical in order to obtain more information” and
“[quizzes] did encourage me to read the schedule before the exper-
iment when otherwise I wouldn’t have, in all honesty”. Another
popular feature was the provision of immediate and construc-
tive feedback on completion of the PPQ as students reported
their satisfaction with, “being given the correct answers at the
end” and the “mathematical workings provided”.
Some will ask, “Do PPQs help?” Anecdotal evidence from teach-
ing staff is that students were better prepared and although
there was no huge right shift of marks in the end of year exam-
inations, there is a significant correlation between the PPQ
scores and the end of year marks (Pearson; p<0.0001, r 0.52,
r2 0.27) which is consistent with recent findings (4). Others will
ask, “How much effort is involved?” That is harder to answer but
several hundred hours spread across a year and several staff
would be a reasonable estimate.
In conclusion, unsupervised, on-line PPQs can be effective tools
to engage and motivate first year students to prepare for LPs.
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Guest access to the PPQs is available
(https://qmp.bris.ac.uk/q4/perception.dll ; username [1abc],
password [2xyz]).
1. J. Bull, D. Stephens, Inn. Educ. Train. Int. 36, 128 (1999).

2. K. Scouller, High. Educ. 35, 453 (1998).

3. J. Kibble, Advan. Physiol. Edu. 31, 253 (2007).

4. J. L. Dobson, Advan. Physiol. Edu. 32, 297 (2008).

The help and support of Roberta Perli (Education Support
Unit) and Alan Blackman (Computer Centre) is gratefully
acknowledged.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Biomedical Science practicals for nursing students–fostering
the “desire to learn”

S.M. Roe, L.E. Montgomery, E.A. Tansey and A.J. Al-Modhefer

Biomedical Sciences Education, Medicine, Queens University,
Belfast, UK

A knowledge of the biomedical sciences is becoming increas-
ingly important in the Nursing profession as such knowledge
provides the scientific basis of modern nursing practice
(Trnobranski, 1992). Biological science, however, is known
widely as a “hard” subject to learn for nursing students (McKee,
2002). This fact, coupled with the recent widening access to
nursing courses, with classes often composed of academically
inexperienced, non-traditional students (Montgomery et al.,
2009), presents a unique challenge to teachers in traditional
physiology and anatomy departments today.
We posit that well designed physiology and anatomy practical
classes can increase motivation in inexperienced students by
forging the initial essential link between biologic theory and
nursing practice, correcting a mistaken impression among nurs-
ing students that these are dry, irrelevant subjects. To this end,
our nursing biomedical science practicals are nurse-focused,
clinically relevant and varied, using blood and urine assays, elec-
trocardiography, pulmonary function and sensory tests, X-rays,
cadavers, prosections and histology to provide a diverse and
exciting learning experience and to create the “desire to learn”
this hard subject in our students. Practicals are assessed in class
using task sheets designed to focus attention on the issues we
wish students to explore during the session. This also enables
them to get immediate feedback and encouragement, partic-
ularly important in this cohort.
The aim of this study was to investigate the effectiveness of this
approach to basic biomedical science teaching. A questionnaire
rating the effectiveness and relevance of our biomedical sci-
ence practical classes was administered to the students at the
end of their first phase. Questions focused on the relevance of
basic science practical classes to the course and clinical place-
ment and on their enjoyment of the classes themselves. A 5
point Likert scale was used to evaluate the student response to
each of the questions with 5 indicating strong agreement with
a statement and 1 strong disagreement. In addition to this,

there were 3 open ended questions on which students could
express opinions on what they enjoyed most about the classes
and what they’d change, with additional space to make any
other comments. 181 out of 300 participants in the practical
classes responded (60.3% student response rate). Ratings are
given as marks out of 5 ± S.E.M, n =181.
Students responded enthusiastically in the questionnaire about
the practical class experience with scores over 3/5 for all posi-
tive statements. In particular, students gave high ratings to the
practical classes in terms of putting theory into practice (4.0 ±
0.1), their ability to impart basic scientific information (4.0 ±
0.1) and build teamwork skills (4.0 ± 0.1). Nursing students
enjoyed the practicals (3.6 ±0.1), but found them difficult (3.4
±0.1). Although still scoring highly, the statements getting the
lowest Likert scores in our survey were those concerning
enhancement of problem solving abilities (3.3 ±0.1), teaching
nurse specific clinical skills (3.4 ±0.1) and making students want
to learn more about the subject (3.4 ±0.1). These initial results
indicate that nurse-focused practical classes are of huge value
in teaching physiology and anatomy, helping put the theory
into practice. In this survey, they garnered enthusiastic student
support in a subject that is regarded as notoriously difficult by
this cohort. It is important, at level one, however, to be realis-
tic in ones educational aims with the practical class and tailor
its content to suit.
Mc Kee, G (2002) Why is biological science difficult for first year nurs-
ing students? Nurse Education Today 22, 251-257

Montgomery, L.E.A., Tansey, E.A., Roe, S.M. (2009) The characteris-
tics and experiences of mature nursing students Nursing Standard 23,
(20) 35-40

Trnobranski, P. H. (1992). Biological sciences and the nursing curricu-
lum: a challenge for educationalists Journal of Advanced Nursing 18 (3)
493-499.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Real and Virtual Experiments: Getting a Balance

J. Dempster

Strathclyde Institute for Pharmacy & Biomedical Sciences,
Strathclyde University, Glasgow, UK

Over the past decade, the use of simulated experiments has
grown to play a significant role in our undergraduate pharmacy
and pharmacology experimental classes. These simulations,
developed in-house, span a range of models from classical organ
bath preparations, such as the guinea pig ileum, to models of
in vivo preparations, the anaesthetised cat and pithed rat.
Simulated experiments can be distinguished in terms of their
complexity and the extent and realism with which they repre-
sent a particular experimental preparation or biological process.
One particular theme has been the incorporation of quite sim-
ple simulations into tutorial packages, exemplified by the Phar-
maCALogy and PCCAL packages, developed in the 1990s. We
have taken a different approach in producing self-contained
simulations that are relatively complex, in terms of the drugs
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and experimental procedures that can be applied, allowing mul-
tiple drugs and concentrations to be added and interactions
between drugs modelled. 
Real experiments are, of course, important in an undergradu-
ate teaching program. If a student is to develop any real capac-
ity in a field of research, they must engage with and develop
practical skills in the experimental techniques of their disci-
pline. However, our experience suggests that simulated exper-
iments also have a distinct role to play in a physiological or phar-
macological experimental teaching program. In particular,
simulations permit a shift in the focus of activity, away from
the performance of the experiment, towards experimental
design and the analysis and interpretation of experimental data.
Equally, if the primary aim of the experimental class is to pro-
vide an opportunity to actively explore the properties of a drug
or physiological system, to support learning in a course or mod-
ule, then the challenges of the real experiment may be an actual
disadvantage.
For example, our introductory pharmacology class which begins
initially with real guinea pig ileum studies of classical ago-
nist/antagonist actions, ends using an exact simulation of the
same preparation which students use to perform an extended
series of experiments, leading to the production of a short sci-
entific paper on their results. Time constraints and the diffi-
culties of acquiring large amounts of good quality data for large
numbers of students, preclude this being achieved using real
experiments. The simulation permits large amounts of data to
be acquired faster than in real time, experiments to be quickly
repeated when mistakes are made or better experimental
designs chosen, and the work to be performed outside sched-
uled class time.
Similarly, a simulation of the rat cardiovascular system (both in
normal and pithed animals) plays a key role in our cardiovas-
cular system pharmacology course (Figure 1). Here, actual
experimentation with a real animal is impractical for large
classes in terms of time, resources and ethics. But the simula-
tion is advantageous in any case since it allows the rapid appli-
cation of a wide range of agonists and antagonists, allowing
the roles of different receptor systems to be investigated and
disentangled. Students are set a number of tasks aimed at char-
acterising the receptors and systems controlling heart rate and
blood pressure; α- and β-adrenoceptors, the renin-angiotensin
system, nitric oxide, etc.
While simulations are an integral part of our undergraduate
teaching, we nevertheless remain committed to providing real
experimental work at undergraduate level, ranging from
human cardiovascular studies, a variety of pharmacological
preparations and cell cytoxicity assays. No simulation (partic-
ularly teaching ones) yet delivers the full complexity of even
the simplest biological tissue. Neither do simulations develop
the range of practical skills and attention to detail necessary to
function in the experimental laboratory. However, an appro-
priate combination of the two allows both the development of
skills in basic laboratory techniques and practices, and higher
level skills in experimental design, analysis and interpretation,
while also providing supportive learning activities in a variety
of courses.
The simulations discussed here, which have applications both
in physiology & pharmacology, are available free of charge and
are currently used in a number of departments worldwide. They
can be downloaded from

http://spider.science.strath.ac.uk/sipbs/page.php?show=softw
are_sims

Figure 1. RatCVS: Rat cardiovascular system simulation chart display show-
ing arterial and left ventricular blood pressure, heart rate and force. Effects
of the application of noradrenaline and acetylcholine are displayed.

PharmaCALogy web site, British Pharmacological Society,
http://www.pharmacalogy.com

PCCAL - Computer Aided Learning for Pharmaceutical and Life Sciences,
CoAcS Ltd. http://www.coacs.com/PCCAL/

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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High Fidelity Simulation for Physiology Teaching

S. Moenk

Simulationszentrum Mainz, AQAI GmbH, Mainz, Germany and
METI, Sarasota, FL, USA

Introduction: Teaching of physiology to undergraduate stu-
dents is prerequisite to successful education in a number of dis-
ciplines. In acute care medicine but also in other fields, good
understanding of physiology can make the difference between
life and death or severe injury.
Especially in medicine the term simulation is ill-defined. Also
adjectives, like “high fidelity”, are used in arbitrary fashion. In
the present context I will call high fidelity simulator an educa-
tional device that uses a mathematical model of physiology to
control a mannequin with sensors and actuators that resem-
bles a human being. Teachers and students can access both
mannequin and software to influence physiological data and
observe the results. I exclude screen based-only devices or man-
nequins without mathematical model.
High fidelity simulators are in use around the world. Although
physiology is the core of these devices, they seem to be used
most often in clinical trainings. But a number of institutions are
teaching “pure” physiology with high fidelity simulators and
this number is growing.
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Existing teaching programmes: There is no geographical limi-
tation to physiology teaching with high fidelity simulators, e.g.
the U.S., New Zealand, Singapore, Germany and the United
Kingdom have sites which teach with simulators. 
Typical teaching topics are: The baroreceptor reflex and its com-
ponents, respiratory control, katecholamines, oxygen bind-
ing curves, respiratory shunt fraction, functional residual capac-
ity, and others. 
However, a number of sites are using their high fidelity simula-
tors not in “official” physiology courses but rather in anaesthe-
sia, intensive care, emergency medicine and other fields of acute
care. Theses fields could be summarized as applied physiology.
While in such undergraduate trainings the official headline may
be e.g. “anaesthesia” rather than “physiology”, the latter is
really what is taught. In these cases the clinical training is a
method to re-learn physiology in the context of practical use.
Typical topics then are: The effect of blood loss and volume
replacement on circulation in trauma victims, cardiac output
measurement, the interpretation of SpO2 monitor readings,
the relationship between pre-oxygenation and age, the use of
PEEP etc.
In “pure physiological” contexts the training allows to conduct
experiments which are less and less acceptable on animals. In
clinical trainings, high fidelity simulators very often replace the
use of patients to gain experience.
Simulation programmes, similar to all teaching programmes
are often “home made”. In many institutions rules on curricu-
lum development and knowledge about education method-
ology are lacking. Even centres with better conditions often
lack resources to re-develop their existing programmes to be
run with simulators. In these cases high fidelity simulation may
not generate large benefit or may even fail. It would be very
desirable to be able to tap into the growing number of pre-
pared learning packages for high fidelity simulators also in
physiology.
Discussion: All new teaching methods are subject to scrutiny
with respect to effect and efficacy. While we do not really know
how well our traditional methods work, it is correct to meas-
ure the effects of high fidelity simulation, not least because it
requires the allocation of resources. A growing number of ref-
erences point into the same direction: Teaching physiology with
high fidelity simulators can be beneficial.
It may be argued that software programmes can be used solely
to replace animal experiments. I think that these programmes
lack what the mannequins offer in high fidelity simulation: The
opportunity to experiment and to gain in experience. Adult
learning seems to work well with experiential learning and man-
nequins controlled by mathematical models provide it.
While on one hand high fidelity simulators invite to experiment
freely, they provide also a standardized setting when needed.
Pre-programmed cases, re-usable scripts, technical specifica-
tions all help to make learning experiences on a high fidelity
simulator repeatable. This is important in learning but also for
assessments. The opportunity to automatically log and recall
physiological data and the added benefit of videos make it pos-
sible not only to judge the outcome of an experiment. Rather,
these tools also allow the analysis of how the experiment devel-
oped. In case of physiology they offer the unique opportunity
to video-debrief a process, thus even improving the experien-
tial learning process. 

Based on almost 15 years of clinical experience in acute care I
know that knowledge in physiology is sometimes in short sup-
ply in applied medicine. High fidelity simulators may be the tool
we need to improve this knowledge which is prerequisite to
improve patient safety.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Chemokines: New actors in the regulation of vasopressin
release

W. Rostene1, C. Callewaere1, A. Burlet2, G. Banisadr1,3,
P. Mechighel1, S. Blanchard2, B. Fernette2, P. Kitabgi1 and
S. Melik-Parsadaniantz1

1Hôpital Saint-Antoine, INSERM U732, Paris, France, 2Laboratoire
de Biologie Cellulaire, EA 3453, Nancy, France and 3Department of
Molecular Pharmacology & Biological Chemistry, Northwestern
University, Chicago, IL, USA

Angiotensin (Ang) II, the main effector of the renin–angiotensin
system, is one of the major mediators of vascular remodeling
in hypertension. Besides being a potent vasoactive peptide
which also acts on vasopressin neurons in the hypothalamus,
Ang II was shown to induce cytokines and chemokines such as
MCP-1/CCL2, IL-6 and IL-8 via the AT1 receptor (Funakoshi, Y.
et al. Hypertension, 2001). 
Chemokines are small secreted proteins originally defined as
chemoattractants for leukocytes. Recent evidence has estab-
lished that they are expressed in the central nervous system
where they are involved in inflammatory processes, ontogen-
esis, intercellular communication and may play a critical role at
multiple stages in atherosclerosis, including the initiation of
the fatty streak, promotion of plaque instability, and remod-
eling after myocardial infarction (De Lemos JA et al Circulation,
2003). We have provided evidence that some chemokines such
as MCP-1/CCL2 or SDF-1/CXCL12 and its receptor CXCR4 are
constitutively and regionally expressed in specific neuronal pop-
ulations throughout regions of the adult rat brain, in particu-
lar in the hypothalamus. In the hypothalamus, we have found
that both MCP-1/CCL2 SDF-1/CXCL12 are co-localized in the
paraventricular nucleus (PVN) and supraoptic nucleus (SON)
exclusively with vasopressin neurons (Banisadr et al, Eur J Neu-
roscience 2003; J Comp Neurol. 2005). SDF-1/CXCL12 is able
to inhibit (Ang)II induction of vasopressin and is involved in the
electrical activity and physiological regulation of vasopressin
neurons (Callewaere et al PNAS, 2006). 
The Brattleboro rat is known to present diabetes insipidus due
to a marked defect in the regulation of vasopressin gene expres-
sion and consequently lacks the ability to synthesize vaso-
pressin. We investigated the distribution of SDF-1/CXCL12 and
CXCR4 immunoreactivity in homozygous (di/di) and het-
erozygous (di/+) Brattleboro in comparison with control Long
Evans (LE) rats. We show by dual fluorescent immunohisto-
chemistry that SDF-1/CXCL12 and CXCR4 are dramatically
decreased in the Brattleboro rats as compared to their expres-
sion in LE. This decrease in SDF-1/CXCL12 and CXCR4
immunoreactivity is strictly correlated with the decrease in
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vasopressin expression in PVN and SON of Brattleboro rats since
in heterozygous animals which express arginine vasopressin at
a lower level than LE, SDF-1/CXCL12 and CXCR4 are propor-
tionally decreased in comparison to the vasopressin levels. To
test whether such decrease in SDF-1/CXCL12 and CXCR4 is due
to a central effect, we treated homozygous Brattleboro rats
with dDAVP, an analog of vasopressin, in order to restore the
vasopressinergic renal function of these animals. Under these
conditions, SDF-1/CXCL12 and CXCR4 immunoreactivity
remains at the low level observed in the Brattleboro rat, sug-
gesting a central deficit in SDF-1/CXCR4 expression. These orig-
inal findings suggest that the chemokinergic systems such as
SDF-1/CXCL12 can be involved in the modulation of vaso-
pressin-mediated neuroendocrine functions.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.

SA37

Central nervous system cytokines in hypertension

J. Francis

Comparative Biomedical Sciences, Louisiana State University, Baton
Rouge, LA, USA

Hypertension is the single most important predisposing factor
for the development of cardiovascular and renal impairments.
It is estimated that 15 to 20% of the global adult population suf-
fers from hypertension; however, the etiologies of 95% of essen-
tial hypertension cases are not known1. Interestingly, about
65% of patients with essential hypertension respond to
angiotensin converting enzyme inhibitors and angiotensin
receptor blockers, suggesting that angiotensin plays a pivotal
role in essential hypertension. Several prospective clinical tri-
als have found calcium channel antagonists and angiotensin
receptor blockers to be efficient in treating hypertension; how-
ever, the clinical course of hypertension is progressive, often
leading to stroke, heart failure and renal damage. Consequently,
new and innovative approaches for treating hypertension are
needed.
Although hypertension is a disease of the blood vessels, recent
evidence suggests that the central nervous system plays an
important role in the onset and development of hypertension.
More importantly, hypertensive patients and animals have
increased sympathetic activity, accompanied by alterations in
body fluid homeostasis. In the brain, the paraventricular nucleus
(PVN) of the hypothalamus plays an important role in regulat-
ing sympathetic drive, blood pressure (BP) and body fluid home-
ostasis2. Interestingly, levels of angiotensin (ANGII), and its
receptor (AT-1R), are upregulated in the PVN in hypertensive
animals. Injection of ANGII acutely or chronically induces a pres-
sor response which is accompanied by increased sympathetic
nerve activity. Blockade of ANGII in the brain attenuates the
hypertensive response and decreases sympathetic activity, sug-
gesting that the PVN plays an important role in the regulating
BP and sympathetic activity. 
In addition to neurohormones, proinflammatory cytokines
(PIC), such as tumor necrosis factor (TNF-α), are increased in

the circulation in cardiovascular disease and are of prognos-
tic significance. Previously we reported that cytokines are not
only increased in the circulation, but also in the brain, par-
ticularly in the PVN of the hypothalamus. We also demon-
strated a role for cardiac sympathetic afferents in the activa-
tion of cytokines in the brain. One of the most important
downstream molecules involved in the activation of PIC is
nuclear transcription factor kappa B (NFκB). NFκB is not only
involved in production of PIC, but also in the induction of
oxidative and nitrosative stress. However, it is not known
whether NFκB or PIC in the PVN contribute to the develop-
ment of high BP.
Recent studies from our laboratory suggest that: 1)
cytokines and NFκB are activated in the PVN of rats with
heart failure4 and hypertension5; 2) blockade of cytokines
or of NFκB within the central nervous system attenuates
hypertensive response in ANGII infusion models5; 3)
cytokines in the brain modulate the major reactive oxygen
species (ROS) molecules, such as superoxide and nitric oxide
(NO), in the PVN, and contribute to heart failure6; and 4)
mice lacking the gene for TNF-α have no response to ANGII
infusion7. These findings suggest an important central nerv-
ous system role for inflammatory molecules in cardiovas-
cular disease.
The overall objective of our research is to determine the roles
played by inflammatory molecules in the regulation of cardio-
vascular function. In this presentation, we will examine the roles
played by cytokines and transcriptionally active NFkB in the
PVN in an ANGII infusion model of hypertension and their con-
tributions to sympathoexcitation (Figure 1). We will chronically
infuse ANGII in rats and mice and examine the roles played by
cytokines and NFkB in the progression of hypertension. Mouse
models are used to delineate the roles played by NFkB and TNF
in ANGII-induced hypertension. We will use a comprehensive,
whole animal, molecular, cellular and genetic approach to
explore the possible mechanisms by which cytokines or NFkB
in the PVN modulate sympathoexcitation and contribute to the
progression of the disease. Finally, we will also present data
on the effect of direct manipulation of PVN cytokines or NFkB
in the development of hypertension. Some of our findings will
suggest that cytokine- or NFkB-induced neurohumoral exci-
tation plays an important role in the pathogenesis of hyper-
tension. The central link between cytokines and the neurohu-
moral system, which are activated in hypertension, may lead
to a better understanding of the progression of the disease
process and ultimately lead to new and effective strategies to
treat hypertension.
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Cytokines in the paraventricular nucleus and hypertension
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of Florida, Gainesville, FL, USA

The paraventricular nucleus (PVN) of the hypothalamus has a
key role in the regulation of sympathetic outflow, neuroen-
docrine secretion and behavioral homeostatic responses. One
factor important in the regulation of PVN neuronal discharge
and sympathetic outflow is the peptide angiotensin II (Ang II).
The Ang II type 1 (AT1R) that are present in the PVN contribute
to the pressor action of centrally injected Ang II, and it is also
clear that over activity of brain AT1R, including those in the
PVN, contributes to neurogenic hypertension. Thus it is impor-
tant to understand the central mechanisms that modulate the
activity of PVN neurons. To this end we have demonstrated that
the cytokine macrophage migration inhibitory factor (MIF)
exerts a negative regulatory influence over the AT1R-mediated
increases in blood pressure produced by centrally injected Ang
II in normotensive rats. MIF is known as a as a pro-inflamma-
tory cytokine in the peripheral immune system, acting largely
through its plasma membrane CD-74 receptor. However, MIF
is also internalized and exerts intracellular actions via a CXXC
motif that is part of its intrinsic structure. As such it has been
proposed to be a member of the thioredoxin (Trx) family of pro-
teins (1). Similar to Trx, this CXXC motif allows MIF to exert
thiol-protein oxidoreductase (TPOR) activity, which confers the
ability to scavenge reactive oxygen species (ROS) and reduce
proteins. Our collective in vitro and in vivo experiments have
indicated that that the negative regulatory action of MIF at the
PVN over AT1R-mediated responses is due to an intracellular
action via its TPOR activity, and scavenging of ROS (2). Since
MIF appears to be an important regulator of Ang II actions at
the PVN, and increased levels and activity of AT1R in the PVN
contribute to hypertension, it is necessary to understand
whether this MIF regulatory mechanism is at fault in hyper-
tensive animals. Thus, we assessed the relative levels of MIF
expression in the brains of both pre-hypertensive SHR (spon-
taneously hypertensive rats) and SHR with established hyper-
tension. SHR were chosen as a model system as they exhibit
increased levels and activity of CNS AT1R, including those in
the PVN. The data indicate that newborn (pre-hypertensive)
SHR express significantly lower (P< 0.05; n=6 rats/strain) lev-
els of both MIF mRNA and protein within the hypothalamus
compared with control Wistar Kyoto (WKY) rats. No such dif-
ferences in MIF expression were observed in the medulla of
newborn SHR and WKY rats. Immunostaining revealed the pres-
ence of immunoreactive MIF within neurons and astroglia in
the PVN of newborn WKY rats. However, a similar approach
indicated that MIF is absent from PVN neurons of newborn SHR,
but is retained in astroglia. In comparison, immunoreactive Trx
was present within PVN neurons of both newborn SHR and WKY
rats, suggesting a specific deficit of MIF rather than other Trx-
related proteins. Analyses of PVN tissue from 2 and 6 week old
SHR revealed similar significant reductions in MIF mRNA (P<
0.05; n=4 rats/strain) compared with age-matched WKY and
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Sprague Dawley (SD) rats. In contrast, the levels of MIF mRNA
and protein in the PVN of 20 week old SHR were similar to those
found in WKY and SD rats of similar age. Interestingly, PVN neu-
rons of 20 week old SHR were still devoid of immunoreactive
MIF, similar to the situation in newborn SHR. Thus, we devel-
oped the idea that a lack of MIF within PVN neurons of SHR
might contribute to the development of high blood pressure
in these animals. This was tested by chronic restoration of MIF
into PVN neurons of 8 week old SHR via bilateral microinjection
of AAV2-CBA-MIF. Treatment of SHR (n=7) in this manner alle-
viated the development of high blood pressure and cardiac
hypertrophy compared with SHR (n=7) that had received con-
trol injections of AAV2-CBA-GFP. All vector injections were per-
formed with the rat situated in a stereotaxic apparatus. Anaes-
thesia was induced using a mixture of oxygen (1L/min) and
isoflurane (4%), and maintained during the injections by deliv-
ery of oxygen and isoflurane (1.5-2%) via a specialised nose
cone. The negative regulatory actions of MIF within the PVN
over blood pressure appear to be important in multiple situa-
tions. For example, normotensive rats that are subjected to
acute restraint stress respond with increases in blood pres-
sure and heart rate, effects mediated via AT1R. In a preliminary
study we have demonstrated that increased expression of MIF
within the PVN of adult WKY rats via AAV2-CBA-MIF elicits a
significant decrease in the pressor response to restraint stress.
Collectively these data suggest that MIF plays an important role
in regulating the output of the PVN neurons that are involved
in controlling blood pressure, and in particular in regulating
AT1R-mediated responses via the PVN. Further, the data sug-
gest that a lack of MIF in PVN neurons contributes to hyper-
tension in the SHR model of this disease.
Kudrin A & Ray D.(2008). Immunol Cell Biol 86, 232-8.

Li H et al. (2008) FASEB J 22, 3175-85.

This work was supported by National Institutes of Health grant
number HL076803.
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Specific inflammatory condition in nucleus tractus solitarii
of the spontaneously hypertensive rat: novel insights for
neurogenic hypertension?

H. Waki1, M. Maeda1 and J.F.R. Paton2

1Physiology, Wakayama Medical University, Wakayama, Japan and
2Physiology & Pharmacology, Bristol Heart Institute, School of
Medical Sciences, University of Bristol, Bristol, UK

Human essential hypertension is a complex polygenic trait
with underlying genetic components that remain unknown.
Since the brainstem structure – the nucleus of the solitary
tract (NTS) - is a pivotal region for regulating the set-point of
arterial pressure and its reflex control, we proposed a role for
it in the development of primary hypertension. We have
recently identified that some pro-inflammatory molecules,
such as junctional adhesion molecule-1 (JAM-1; a leuko-

cyte/platelet adhesion molecule) and leukotriene B4 (LTB4;
one of the most potent chemoattractants and activators of
leukocytes), were over expressed in the NTS of an animal
model of human essential hypertension - the spontaneously
hypertensive rat (SHR) compared to normotensive Wistar-
Kyoto rats (WKY) (Waki et al. 2007 & 2008). Using immuno-
histochemistry, we have shown endogenous leukocyte accu-
mulation inside capillaries within the NTS of SHR, but not WKY
rats (Waki et al. 2007). The functional significance of high-
level expression of JAM-1 and LTB4 in the NTS has also been
studied. Adenoviral mediated over expression of JAM-1 in the
NTS of normotensive WKY rats produced hypertension over
14 days after viral injection and localized leukocyte adher-
ence to the microvasculature (Waki et al. 2007). LTB4 microin-
jected into the NTS of WKY rats also induced hypertension
over 4 days demonstrating its pro-hypertensive effect (Waki
et al. 2008).
Although these findings show clearly that the high-level expres-
sion of JAM-1 and LTB4 in the NTS can cause hypertension,
the question arises as to how this comes about. As a conse-
quence of leukocyte accumulation in the NTS of SHR, we first
predicted differences in the level of gene expression of inflam-
matory mediators such as cytokines in the NTS of SHR relative
to WKY. We have screened for abnormally expressed inflam-
matory mediators in the NTS of SHR using the RT2 Profiler PCR
arrays, which were designed specifically to target major
cytokines and chemokines. The specific PCR array revealed
12 genes to be differentially expressed between SHR and WKY
(more than 2 fold differences). They include IL-6, IFNa1, OX40L
and CCL5. Moreover, we identified that IL-6 and CCL5 acutely
affect cardiovascular control at the level of the NTS, demon-
strating the possibility that abnormal expression of these
inflammatory molecules contribute to the hypertensive state
via alteration of neuronal circuitry regulating cardiovascular
autonomic activity.
With the possibility that leukocyte accumulation in capillaries
may obstruct blood flow resulting in highly localized hypoxia
(Paton et al. 2009), we have also tested whether local distur-
bance of blood supply in the dorsomedial region of the medulla
oblongata including NTS regions evokes hypertension in nor-
motensive rats. We found that arterial pressure was significantly
elevated after small veins on the dorsomedial surface of the
caudal medulla oblongata were cut and occluded following
sino-aortic denervation in anesthetized rats, demonstrating
that abnormal circulation at the level of the NTS affects regu-
latory mechanisms of set-point control of arterial pressure.
Whether the elevated arterial pressure is mediated by blood
gas disturbance in the NTS awaits investigation.
Based on these findings, we propose a new hypothesis that
abnormal gene expression of pro-inflammatory molecules
causes inflammation of the vasculature in the NTS of SHR. This
profile may elevate arterial pressure via both abnormal pro-
duction of inflammatory mediators and altered circulatory con-
ditions at the level of the NTS. Importantly, to allow translation
of our work, these novel insights need to be assessed in hyper-
tensive human brainstem tissue; their confirmation could lead
to novel therapeutic approaches for one of the world’s most
prevalent diseases.
Waki H, Liu B, Miyake M, Katahira K, Murphy D, Kasparov S & Paton JF.
Hypertension, 2007, 49: 1321-1327
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142: 25-31
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Causes and consequences of sympathetic over-activity:
insights from human studies

J.P. Fisher

School of Sport and Exercise Sciences, University of Birmingham,
Birmingham, UK

It is well established that the sympathetic nervous system plays
a vital role in the regulation of physiological homeostasis. How-
ever, accumulating evidence suggests that sympathetic nerve
activity (SNA) becomes excessively heightened in many disease
states. Importantly, elevations in SNA have been associated
with impairments in cardiac, vascular, metabolic and renal func-
tion (Fisher et al., 2009), and poor survival in patients with end-
stage renal disease and chronic heart failure (Converse et al.,
1992; Barretto et al., 2008). Although, the adverse conse-
quences of sympathetic over-activity may in part be attribut-
able to its potential role in the development of hypertension,
it is notable that the deleterious effects of elevations in SNA
may also occur independently of elevations in blood pressure
(Fisher et al., 2009). As such, therapeutic strategies targeting
reductions in sympathetic over-activity are clinically desirable
(Grassi, 2004), and thus identification of the mechanisms under-
lying this neural dysfunction is important.
The pathological alterations that occur in the central regula-
tion of SNA are highly complex and have been suggested to
involve numerous autonomic reflexes, central neuroanatomi-
cal sites, neurotransmitters and local factors (e.g. angiotensin
II, reactive oxygen species, nitric oxide, and inflammatory
cytokines). Indeed, recent work from both animal and human
studies has highlighted the contribution of centrally derived
nitric oxide in the genesis of sympathetic over-activity (Zucker,
2006; Young et al., 2008). However, recent novel interventions,
including exercise training and pharmacological administra-
tion (e.g. statins, rilmenidine) have shown promise in attenu-
ating ‘central’ sympathetic over-activity in animals and limited
human studies (Zucker, 2006; Fisher et al., 2007; Fisher et al.,
2009). Further work is critical to more fully elucidate the mech-
anisms underlying pathological elevations in sympathetic out-
flow, and to develop effective therapeutic strategies to coun-
teract this neural dysfunction in patient populations.
Barretto AC, et al. (2008). Int J Cardiol. In press.

Converse RL, Jr., et al. (1992). N Engl J Med 327, 1912-1918.

Fisher JP, et al. (2007). FASEB J 21, 910.919.

Fisher JP, et al. (2009). Auton Neurosci. In press.

Grassi G. (2004). Curr Opin Nephrol Hypertens 13, 513-519.

Young CN, et al. (2008). FASEB J 22, 740.713.

Zucker IH. (2006). Hypertension 48, 1005-1011.
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Circumventricular organs: targets for circulating satiety
signals

A.V. Ferguson

Physiology, Queen’s University, Kingston, ON, Canada

The circumventricular organs (CVOs) of the brain are spe-
cialised, structurally unique CNS regions of the CNS that lack
the normal blood brain barrier. The area postrema (AP), sub-
fornical organ (SFO), and organum vasculosum of the lamina
terminalis (OVLT), are the only CVOs containing neuronal cell
bodies (as opposed to nerve terminals) and are classified as the
“sensory CVOs” in view of their established roles as critical inte-
grative centres where circulating peptides act to regulate the
cardiovascular and neuroendocrine systems. My presentation
will focus on an emerging literature which suggests that two
of these sensory CVOs, the AP and SFO, also play essential roles
in sensing circulating metabolic signals. 
The AP has been shown to be an important CNS site contain-
ing neurons which respond to changes in the concentrations
of many metabolic signals including amylin, glucose, glucagon
like peptide-1 (GLP-1), cholecystokinin (CCK), adrenomedullin,
orexin, adiponectin, peptide YY (PYY), and ghrelin. SFO neu-
rons have for some time been recognized as sensors of signals
involved in the regulation of fluid balance including angiotensin,
calcium, endothelin, osmolarity, and sodium. Additional roles
for the SFO in sensing metabolic signals such as calcitonin,
amylin, and ghrelin have more recently been demonstrated
suggesting additional potentially important roles for this CVO
in the regulation of energy balance. We have recently com-
pleted microarray analysis of AP and SFO which provides new
information indicating that these two CVOs not only contain
high densities of receptors for a number of important meta-
bolic signals, but also express high levels of mRNA for neuro-
transmitters involved in the central regulation of energy bal-
ance. I will also discuss more recent work suggesting roles for
AP and SFO in sensing circulating leptin and transducing such
information for the circulation to medullary and hypothala-
mic autonomic control centres. 
Collectively these studies suggest that AP and SFO play critical
roles in sensing and integrating circulating information regard-
ing energy status, and provide some impetus for integration of
AP and SFO in models of the CNS circuitry controlling energy
balance. In addition these data identify these unique CNS struc-
tures as potential sites for integration of metabolic and car-
diovascular signals, which may contribute to the established
comorbidities associated with obesity including cancer, car-
diovascular disease and stroke.
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Glucose-sensing by appetite and sleep circuits

D. Burdakov

Pharmacology, University of Cambridge, Cambridge, UK

Glucose-inhibited neurones are an integral part of neurocir-
cuits regulating cognitive arousal, body weight and vital adap-
tive behaviours. Their firing is directly suppressed by extracel-
lular glucose through poorly understood signalling cascades
culminating in opening of post-synaptic K(+) or possibly Cl(-)
channels. In mammalian brains, two groups of glucose-inhib-
ited neurones are best understood at present: neurones of the
hypothalamic arcuate nucleus (ARC) that express peptide trans-
mitters NPY and agouti-related peptide (AgRP) and neurones
of the lateral hypothalamus (LH) that express peptide trans-
mitters orexins/hypocretins.
This talk will predominately focus on the effects of glucose on
orexin neurons, which are inhibited by glucose due to activa-
tion of postsynaptic K currents. Glucose-induced hyperpolar-
ization and inhibition are unaffected by glucokinase inhibitors
such as alloxan, D-glucosamine, and N-acetyl-D-glucosamine,
and mimicked by the non-metabolizable glucose analogue 2-
deoxyglucose, but not by stimulating intracellular ATP pro-
duction with lactate.
This hints to a “non-metabolic” signal strategy in orexin 
neurons [1,2].
A distinct group of orexin neurons exhibits only transient
inhibitory responses to sustained rises in sugar levels, a sens-
ing strategy involves time-dependent recovery from inhibition
via adaptive closure of leak-like K(+) channels. Combining tran-
sient and sustained glucosensing allows orexin cell firing to
maintain sensitivity to small fluctuations in glucose levels while
simultaneously encoding a large range of baseline glucose con-
centrations [3].
Diabetes. 2008 Oct;57(10):2569-76

J Physiol. 2009 Jan 15;587(Pt 1):41-8

Proc Natl Acad Sci U S A. 2008 Aug 19;105(33):11975-80.
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Control of eating and energy expenditure by amylin

T.A. Lutz

Institute of Veterinary Physiology, University of Zurich, Zurich,
Switzerland

This presentation will summarize recent findings in respect to
amylin’s role in satiation, as an adiposity signal and beyond.
Numerous lines of evidence indicate that amylin contributes to
meal-ending satiation. This action seems to be mediated by
direct action of amylin on area postrema (AP) neurons. Our
recent data showed that noradrenergic neurons in the AP
appear to be essential for amylin’s effect on eating.
Amylin’s ability to induce c-Fos expression and to reduce eat-
ing seems to be nutrient dependent. Amylin increased c-Fos
expression in the AP more in fasted rats and in rats fed a nutri-
ent-deficient non-caloric diet (NCD) than in rats fed chow ad
libitum. Supplementation of NCD with protein, but not with
glucose or fat, reduced the amylin-mediated AP c-Fos response.
Similarly, parenteral injection of an amino acid mixture also
significantly attenuated the amylin-induced c-Fos expression
in the AP. Feeding studies are in line with these findings in that
amylin injection failed to reduce food intake in NCD/protein
fed rats, whereas amylin did reduce food intake in animals fed
NCD, NCD/glucose or NCD/fat. Amylin’s effect to reduce eat-
ing was particularly strong in rats fed a low-protein diet. The
exact mechanisms through which protein diets/amino acids
reduce amylin’s effect to inhibit eating are still unknown.
Interestingly, amylin seems not only to activate hindbrain neu-
rons, specifically neurons projecting from the AP to the nucleus
ofthesolitarytract(NTS),butamylinmayalsoactasatrophicfac-
tor in the central nervous system, because amylin-deficient mice
haveasignificantlyreducedfibredensityinAPtoNTSprojections.
Retrograde and anterograde tracing studies using cholera toxin
subunit b and biotinylated dextran amine, respectively, together
with previous c-Fos studies performed in adult rats indicate that
amylin activates a specific neural circuit from the AP via the NTS
and the lateral parabrachial nucleus to more rostral brain areas.
Nexttoitsinvolvementinmealendingsatiation,amylinalsoshares
typicalfeaturesofadipositysignals.E.g.,itsbasalplasmalevelscor-
relatewiththeamountofbodyadiposity.Werecentlyinvestigated
centralamylin’seffectsonbodyweight(bw)gaininrats.Fourgroups
ofratswereincludedinthisexperiment,allequippedwith3rdven-
tricular cannula that were implanted under anaeshthesia. Two
groups were fasted for 48h, two other groups were fed ad libitum.
Onegroupofeachreceiveda14daychronicintra-3rdventricleinfu-
sion of amylin, controls received saline. The fasted rats lost about
40gintwodays.Afterrefeeding,thesalineinfusedcontrolsregained
bw quickly and reached the same level as ad libitum fed rats. Inter-
estingly,bothgroupsofamylin-infusedratseventuallyreachedthe
same level of bw that was significantly lower than in saline treated
rats. This indicates that central levels of amylin influence the bw to
bemaintained.Inasimilarexperiment,halfoftheratswereoverfed
for 3 weeks with Ensure to increase their bw by about 60g above
thatofchow-fedrats.Then,minipumpswereimplantedandallrats
receivedchowonly.Surprisingly,amylininfusedratsthathadbeen
overfedbeforeseemedtodemonstrateamylininsensitivitybecause
their body weight did not decrease below that of saline controls.
Consistent with the idea that amylin may also act as an adiposity
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signal similar to leptin or insulin, amylin has also been shown to
influenceenergyexpenditure(EE).Thismeansthatamylin-infused
animalsmaintainEEatalevelsimilartocontrols,despitelowerfood
intakeandbwgain.Thissuggeststhatamylinmaypreventthecom-
pensatory decrease of EE due to reduced food intake.
Of high clinical relevance are the findings that combinations of
amylin and leptin reduce eating more than the individual treat-
ments alone. This has been shown by us after acute adminis-
tration, and several other chronic infusion studies also demon-
strate the long term benefit of combining amylin and leptin to
produce strong body weight lowering effects. In fact, amylin
seems to reduce leptin resistance that is typically associated
with obesity. The underlying mechanism may involve increased
leptin receptor expression in the hypothalamus in general, and
improved leptin signaling in the ventromedial hypothalamus
in particular.
To summarize, amylin produces meal ending satiation via the
AP. We propose that amylin also influences brain hardware in
a way that in principle is comparable to effects of leptin in the
hypothalamus. Studies designed to understand the influence
of dietary components on the effectiveness of amylin to reduce
eating should be explored further. Finally, the therapeutic
potential of simultaneous manipulations of amylin and leptin
signalling is of high clinical relevance and deserves further
attention.

The financial contributions of the Swiss National Science Foun-
dation, the Novartis foundation and of the University of Zurich
are gratefully acknowledged.
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Bioinformatic approaches to the discovery of novel peptide
hormones

A. Hsueh1, J. Zhang1, G. Yosten2, O. Avsian-Kretchmer1, A. Yata1

and W.K. Samson2

1Department of Obstetrics & Gynaecology, Stanford University,
Stanford, CA, USA and 2Department of Pharmacological and
Physiological Science, Saint Louis University School of Medicine, St.
Louis, MO, USA

Ghrelin is important in the control of gastrointestinal physiol-
ogy whereas somatostatin is important in the regulation of
diverse neuroendocrine functions. Based on bioinformatic
analyses of evolutionarily conserved sequences, additional pep-
tide hormones encoded by pro-ghrelin and pro-somatostatin
were predicted and named as obestatin and neuronostatin,
respectively. Obestatin was immuno-purified from the rat stom-
ach to be an amidated peptide of 23 residues. Subsequently,
obestatin was found as a brain/gut peptide hormone capable
of regulating water drinking in rodents and pancreatic func-
tions in cultured cells. After ip injection of obestatin, an early
response gene c-fos was induced in the nuclei of gastric mucosa,
intestinal villi, white adipose tissues, hepatic cords, and kidney
tubules. In cultured 3T3-L1 cells, treatment with obestatin, but

not motilin, also induced c-fos expression. In these
preadipocytes, treatment with obestatin also stimulated
ERK1/2 phosphorylation and the phosphorylation of Akt. Mono-
iodo-obestatin, purified using HPLC, was found to bind to
jejunum, stomach, ileum, pituitary, and white adipose tissue.
Furthermore, human embryonic kidney 293T cells transfected
with plasmids encoding human or mouse GPR39 receptor or a
human GPR39 isoform, but not the ghrelin receptor, exhibited
high-affinity binding to mono-iodo-obestatin. These findings
indicate that obestatin is a metabolic hormone capable of bind-
ing to GPR39 to regulate the functions of diverse gastroin-
testinal and adipose tissues.
Antibodies to neuronostatin were generated by Dr. J. K. Chang
at Phoenix Pharmaceutical (Burlingame, CA) and immuno-affin-
ity purification allowed the sequencing of an amidated neu-
ronostatin peptide of 13 residues from porcine tissues. In vivo
treatment with neuronostatin induced c-fos expression in gas-
trointestinal tissues, anterior pituitary, cerebellum, and hip-
pocampus. In a human gastric tumor (KATO-III) cell line, neu-
ronostatin treatment induced c-fos expression, stimulated
serum-responsive element (SRE) reporter activity, and pro-
moted cell proliferation. In vivo studies performed in anaes-
thetised animals further indicated that intracerebroventricu-
lar treatment with neuronostatin increased blood pressure in
a biphasic manner but suppressed food intake and water drink-
ing. These findings demonstrate diverse neuroendocrine and
cardiovascular actions of a somatostatin gene-encoded hor-
mone and provide the basis to investigate the physiological
roles of this endogenously produced brain/gut peptide. 
The present bioinformatic approach based on the conservation
of sequences for putative mature peptide hormones as well as
their flanking amidation and convertase cleavage sites in diverse
vertebrates allows the prediction of novel peptide hormones.
Coupled with the purification of endogenous peptides and func-
tional testing using both in vitro cell lines and in vivo models,
one can elucidate the pharmacological actions and physiolog-
ical roles of novel brain/gut peptide hormones.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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The role of gut hormones after bariatric surgery

C. le Roux

Imperial College London, London, UK

Bariatric surgery remains the most effective treatment option
for obesity, and gut hormones are implicated in the reduction
of appetite and weight after Roux-en-Y gastric bypass. Com-
pared with lean and obese controls, patients following gastric
bypass had increased postprandial plasma Peptide YY (PYY) and
glucagon-like peptide 1 (GLP-1) favouring enhanced satiety.
None of these effects were observed in patients losing equiv-
alent weight through gastric banding. PYY and GLP-1 changes
correlate within the first week after gastric bypass with changes
in appetite. Postprandial PYY and GLP-1 profiles start rising as
early as 2 days after gastric bypass. In patients with poor weight
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loss after gastric bypass associated with increased appetite, the
postprandial PYY and GLP-1 responses are attenuated com-
pared with patients with good weight loss. Moreover, using a
rodent model of bypass, we showed elevated PYY and GLP-1
in bypassed rats compared with sham-operated rats. Blockade
of endogenous PYY with antibodies increased food intake in
bypassed rats prepared under anaesthesia. Inhibiting gut hor-
mone responses, including PYY and GLP-1 after gastric bypass
in humans, results in return of appetite and increased food
intake. In conclusion the attenuated appetite after gastric
bypass is associated with elevated PYY and GLP-1 concentra-
tions, and appetite returns when the release of gut hormones
is inhibited. The results suggest a role for gut hormones in the
mechanism of weight loss after gastric bypass and may have
implications for the treatment of obesity.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Muscle Ageing: The Life, Times and Demise of Single
Muscle Fibres

J.A. Faulkner1, A. Panchangam2 and D.R. Claflin1

1University of Michigan, Ann Arbor, MI, USA and 2University of
Calgary, Calgary, AB, Canada

When skeletal muscles are activated, muscle fibres attempt to
shorten, but whether the fibres shorten, stay at the same
length, or are lengthened, depends on the interaction between
the force developed by the fibres and the external load on the
muscle. With maximum activation, the force developed is great-
est during lengthening, intermediate during isometric, and
least during a shortening contraction. Of the three types of con-
tractions, only lengthening contractions have the potential to
cause injury to sarcomeres within fibres. In contrast, muscles
fatigue most readily during shortening contractions when
forces are low, but the energy cost is high. Both contraction-
induced injury and fatigue cause a loss of function, but con-
traction-induced injury is due to mechanical factors, whereas
muscle fatigue is due to metabolic factors. During bodily move-
ments of humans, muscles undergo each of the three types of
contractions for different durations and with varying intensi-
ties to perform a wide range of different movements (Faulkner
et al., 2007). With aging, the skeletal muscles of old animals
become smaller, weaker, slower, more fatigable, and more sus-
ceptible to contraction-induced injury. The skeletal muscles
of humans consist of two different types of fibres, slow type 1
and fast type 2. The life-span of the two fibre-types differ enor-
mously. The half-life for sarcomeric proteins is about 23 days,
but the life-span of individual type 1 muscle fibres, as an entity,
is equivalent to the life span of the organism. In contrast, the
total number of type 2 fibres in the vastus lateralis muscles of
males begins to decline linearly with time after 50 years of age
(Lexell et al., 1988), simultaneous with a linear loss of motor
units (Campbell et al, 1973). As a consequence, between 50
and 80 years of age, more than half the type 2 motor units are
lost. The loss in type 2 fibres is slightly less than the loss in motor

units, due to the capture of some of the denervated type 2 fibres
by reinnervation due to axonal sprouting from fibres in the sur-
viving type 1 motor units (Brown et al., 1981). The loss of mus-
cle fibres with age results in a loss of muscle mass of 30% to 50%
(Akima et al., 2001). The loss of fibres appears to involve most,
if not all, of the ~365 muscles in the mammalian organism
(Faulkner et al., 2007). Almost concurrent with the onset of the
losses in fibre number beginning at age 50, are progressive
losses in strength and power. The major factor in the loss of
endurance with age is the simultaneous loss in maximum oxy-
gen uptake, which involves both the loss of the powerful type
2 fibres and a loss of oxidative capacity of the remaining fibres
of both types (Conley et al., 2000). In addition to the losses and
impairments in structure and function observed for whole mus-
cles, significant age-related changes are observed in perme-
abilized single fibres obtained from biopsies of vastus lateralis
muscles from untrained humans. The significant changes with
aging in single type 1 and type 2 fibres include: cross-sectional
area (CSA) of type 1 increase of 17% and type 2 decrease of 28%;
maximum force of type 1 increase of 15% and type 2 decrease
of 29%; specific forces do not change significantly; and peak
power does not change for type 1 fibres, but decreases 36% for
type 2 fibres. When activated fibres are stretched, type 2 fibres
are much more susceptible to contraction-induced injury than
type 1 fibres, and for both types, fibres from old compared with
young animals have greater force deficits and recover from the
injury less well. During forced lengthening of a maximally acti-
vated permeabilized single muscle fibre, the applied strain is
not distributed uniformly along the length of the fibre; regions
having the longest sarcomere lengths prior to the stretch are
strained the most during the stretch and are most likely to be
injured. Following severe stretches of single fibres, or whole
muscles, the fibres, or muscles from old animals experience a
greater force deficit than those from young animals. The greater
susceptibility of fibres in whole skeletal muscles of old animals
to contraction-induced injury is due in part to an impaired
capacity of skeletal muscles of old animals to transmit force lat-
erally. The process of the lateral transmission of force is critical
for the stability of weaker or damaged sarcomeres. Further-
more, if muscles of young and old animals are injured severely,
but to the same degree, the muscles from young animals
recover completely, whereas those of old animals display a per-
manent force deficit. Despite the disparities in the performance
of muscles from young and old humans, carefully constructed
and administered training programs, that include graded expo-
sure to lengthening contractions, increase the strength and
power and even prevent subsequent injury to muscles of the
elderly (Faulkner et al., 2008).
Akima H et al. (2001). Med Sci Sports Exerc 33, 220-226.

Brown MC et al. (1981). Annu Rev Neurosci 4, 17-42.
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Motor Neuron Disease: A model neurodegenerative disease

O. Hardiman

Beaumont Hospital & Trinity College Dublin, Dublin, Ireland

Motor Neuron Disease or Amyotrophic lateral sclerosis(ALS) is
a rapidly progressive, fatal neurodegenerative disorder of
unknown etiology. It exists in both mendelian-inherited and
sporadic forms. In the Irish population, we have shown multi-
ple haplotype associations with the gene ANG in SALS inde-
pendent of observed mutations in the gene (1). Our observa-
tions, coupled with the identification of series of susceptibility
genes in different populations, has supported the notion that
SALS is a complex genetic disease, in which genetic background
and environmental risks interact leading to the process of neu-
rodegeneration (2,3). 
Although originally considered as a pure motor degeneration,
there is now considerable clinical, neuropathological and
genetic overlap between ALS and other neurodegenerative dis-
eases, particularly frontotemporal dementia (FTD) (4,5). Despite
recent advances, common pathways shared between ALS and
other neurodegenerative disease remain to be fully elucidated
at clinical, molecular and genetic level. This will be best achieved
by careful phenotype analysis in characterized populations, by
identifying common susceptibility genes, and by identifyng
new pathways in neurodegeneration and neuroprotection that
can be then targeted for therapeutic intervention.
Greenway MJ, Andersen PM, Russ C, Ennis S, Cashman S, Donaghy C,
Patterson V, Swingler R, Kieran D, Prehn J, Morrison KE, Green A, Acharya
KR, Brown RH Jr, Hardiman O. ANG mutations segregate with familial
and ‘sporadic’ amyotrophic lateral sclerosis. Nat Genet. 2006
Apr;38(4):411- 13

2. Zaldivar, Gutierrez J, Lara G, Carbonara M, Logroscino G,

Hardiman O. Reduced frequency of ALS in an ethnically mixed popu-
lation: A population based mortality study. Neurology 2009 (in press)

3.Beleza-Meireles A, Al-Chalabi A.

Genetic studies of amyotrophic lateral sclerosis: controversies and
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4. Phukan J, Pender N, Hardiman O.Cognitive impairment in amy-
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Satellite cells and skeletal muscle regeneration

J. Morgan and B. Luisa

UCL Institute of Child Health, London, UK

Satellite cells, located under the basal lamina of adult skeletal
muscle fibres, are muscle stem cells, being able to regenerate
skeletal muscle and to reconstitute the satellite cell pool fol-
lowing their grafting into irradiated mdx-nude host muscles.
Satellite cells from aged donor mice can regenerate skeletal
muscle and self-renew efficiently within young host muscle and
young satellite cells function equally well within old and young
host muscles, provided the host muscle is irradiated prior to
grafting. However, satellite cell engraftment within non-irra-
diated mdx-nude host muscle is minimal.
Other injury regimes have been shown to augment donor-
derived skeletal muscle regeneration, but no systematic com-
parison has yet been made between the different injury regimes.
We have therefore compared the extent of donor-derived satel-
lite cell skeletal muscle regeneration in host muscles that have
been either not treated, or irradiated with 18Gy, or injected with
snake venom, or cryodamaged, prior to grafting.
Our data suggest that ablation of host satellite cells is crucial
for efficient donor-derived skeletal muscle regeneration,
although other factors appear to be required for optimal
engraftment.
Collins, CA, Olsen, I, Zammit, PS, Heslop, L, Petrie, A, Partridge, TA
and Morgan JE (2005). Stem cell function, self-renewal and behavioral
heterogeneity in adult muscle satellite cells. Cell 122:289-301

Charlotte A Collins, Peter S Zammit, Ana Pérez Ruiz, Jennifer E Morgan
and Terence A. Partridge (2007). A population of myogenic stem cells
that survives skeletal muscle aging. Stem Cells 25:885-94
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Impact of oxidative stress and mitochondrial dysfunction on
the neuromuscular junction and age-related atrophy

H. Van Remmen1,2, Y.C. Jang1,2, A. Bhattacharya1,2, Y. Li1,2,
Y. Liu1,2, C. Hayworth3 and A. Richardson1,2

1Cellular and Structural Biology, University of Texas Health Science
Center San Antonio, San Antonio, TX, USA, 2Barshop Institute,
University of Texas Health Science Center San Antonio, San Antonio,
TX, USA and 3Section of Neurobiology and Institute for
Neuroscience, University of Texas, Austin, TX, USA

Reactive oxygen species and oxidative stress have been impli-
cated in the etiology of age related loss of muscle mass and
function. To investigate the role of chronic oxidative stress in
vivo, we used a mouse model that lacks CuZnSOD (Sod1-/-), a
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major antioxidant enzyme. Sod1–/– mice are characterized by
very high levels of oxidative stress and damage and show an
acceleration of age-related loss of skeletal muscle mass. Mito-
chondrial isolated from skeletal muscle of Sod1-/- mice show
reduced production of ATP, lower oxygen consumption, ele-
vated levels of mitochondrial ROS and an increase in the mito-
chondrial apoptosis pathway. Despite alterations in mito-
chondrial function, skeletal muscle from Sod1–/– mice appear
to have an increase in the number of mitochondria by electron
microscopy and we measured an increase in mtDNA content.
The mitochondrial permeability transition is induced more rap-
idly in muscle mitochondria from Sod1–/– mice with a greater
release of the proapoptotic proteins, cytochrome c and AIF.
Caspase-3 activity and the level of apoptotic nuclei measured
using a cell free apoptosis system are also elevated in Sod1-/-
mice. There is a loss of myonuclei and a reduction in fiber size
that is associated with disruption of postsynaptic endplates in
Sod1-/- mice. The synaptic cleft is altered and acetylcholine
receptors (AChR) are significantly disorganized. The level of
AChr protein is decreased while AChR mRNA levels are dra-
matically increased in conjunction with a significant increase
in the percentage of denervated neuromuscular junctions
reaching 80% at 20 months of age. Consistent with fragmen-
tation of the AChR, the activity of calpain is increased and the
level of rapsyn, a protein that functions to maintain AchR
integrity, is significantly reduced in muscle from the Sod1–/–
mice. The subsarcolemmal population of mitochondria, which
function to support neuromuscular transmission, also exhibit
a dramatic decline in ATP generation with concomitant increase
in ROS generation. Overall, these data suggest that mitochon-
drial function and dyregulation of oxidative stress play an impor-
tant role in age related skeletal muscle atrophy though dis-
ruption of the neuromuscular junction.

This work was supported by a grant from the NIA
(P01AG020591) and the American Federation for Aging
Research
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The role of oxidative stress in age-related muscle damage,
adaptation and repair

A. McArdle

University of Liverpool, Liverpool, UK

A major contributor to frailty is skeletal muscle weakness. The
decline in neuromuscular function and strength and lack of
functional reserve with age increases the risk of falls, hypother-
mia, incontinence and contributes to increasing lack of inde-
pendence. The mechanism(s) by which the development of this
age related loss of muscle mass and function occurs are poorly
understood although an altered generation of reactive oxygen
species (ROS) and a failure in the ability to adapt to stress by
activation of the stress or heat shock response have been impli-
cated. 

ROS generation is increased in skeletal muscles of adult mice
following a period of isometric contractions and this is associ-
ated with increased Heat Shock Protein (HSP) content of the
muscle (1). In contrast ROS activities and the ability to activate
a stress response are modified in skeletal muscle with age (1,
2). Transgenic studies have demonstrated that this blunted
stress response plays a key role in development of age-related
functional deficits. Lifelong overexpression of the cytosolic HSP,
HSP70 in skeletal muscle of mice prevented the age-related loss
of specific force generation but not the age-related loss of max-
imum tetanic force generation observed in muscles of old wild
type (WT) mice (3). Unlike muscles of old WT mice, HSP70 over-
expression facilitated the complete recovery of force genera-
tion in EDL muscles of old transgenic mice at 28 days follow-
ing a severe protocol of damaging lengthening contractions.
This effect was mimicked in muscles of old WT mice treated
with a pharmacological inducer of HSP70 (4). The mechanisms
by which lifelong or an acute increase in muscle content of
HSP70 provide this protection are unclear although data
demonstrate that lifelong overexpression of HSP70 results in
a reduction in the accumulation of markers of oxidative stress
in old mice and reverses this inability to activate NFkB follow-
ing contractile activity (5). Further studies have demonstrated
that lifelong overexpression of the mitochondrial chaperone,
HSP10 in skeletal muscle of mice prevented the age-related loss
of force and decrease in cross-sectional area observed in qui-
escent muscles of old WT mice and protected muscles of both
adult and old mice from damage following contraction-induced
injury. Data demonstrate that mice lacking Cu,Zn superoxide
dismutase (Sod1-/- mice) showed an accelerated loss of skele-
tal muscle mass and function (6) and studies of the adaptive
responses in muscles of adult Sod1-/- mice show aberrant DNA
binding activity of AP-1 and NF-kB which is similar to that
observed in muscles of old WT mice (1). 
These data demonstrate that the development of age-related
muscle weakness and atrophy are not inevitable. The protec-
tive effect of overexpression of HSP10 in the mitochondria of
skeletal muscle strengthens the hypothesis of an involvement
of mitochondrial dysfunction in the development of these
deficits and the differential effects of different HSPs highlight
the specific functions of individual HSPs in skeletal muscle. The
mechanism responsible for the inability to activate a stress
response in old muscle is unclear although modified signalling
by ROS is thought to play a role. Data suggest that the defect
in activation of HSP transcription occurs prior to dissociation
of the Heat Shock transcription factor, HSF1 from an inactive
to an active form in the cytosol since mice treated with the
HSP90 inhibitor and HSF1 activator, 17-AAG, demonstrate an
increased HSP70 content in skeletal muscles of both adult and
old mice (4).

Vasilaki A, McArdle F, Iwanejko LM, McArdle A. Adaptive responses of
mouse skeletal muscle to contractile activity: The effect of age. Mech
Ageing Dev. 2006; 127:830-9.

Vasilaki A, Mansouri A, Van Remmen H, van der Meulen JH, Larkin L,
Richardson AG, McArdle A, Faulkner JA, Jackson MJ. Free Radical Gen-
eration by Skeletal Muscle of Adult and Old Mice: Effect of contractile
activity. Aging Cell 2006; 5:109-17.

McArdle A, Dillmann WH, Mestril R, Faulkner JA, Jackson MJ. Overex-
pression of HSP70 in mouse skeletal muscle protects against muscle
damage and age-related muscle dysfunction. FASEB J. 2004; 18:355-7.
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Stem cells and the origins of adipocytes

C. Dani

CNRS, Nice, France

Hypertrophy and hyperplasia are observed in severe obesity.
Hyperplasia results from excessive proliferation of adipose pre-
cursor cells prior their differentiation. While the events con-
trolling adipocyte differentiation have been largely explored,
the mechanisms that direct multipotent mesenchymal pro-
genitors towards the adipogenic lineage remain unknown. Key
information regarding the origin of adipocytes is also lacking.
The capacity of mouse embryonic stem (ES) cells to undergo
adipocyte differentiation in vitro provides a powerful model to
address these points (1). We have shown that activation of RA
receptor beta y using the selective synthetic retinoid CD2314,
was sufficient to induce differentiation of ES cells into adipocytes
(2). Transcriptional profiling revealed that clusters of genes
modulated by CD2314 in ES cells were enriched in neural crest-
associated genes, suggesting that neuroectoderm rather than
mesoderm was a source of adipocytes. Differentiation of ES
cell-derived neuroepithelial progenitors into adipocytes con-
firmed neuroectoderm as a source of adipocytes in ES cell-
derived cultures. Furthermore, mapping of neural crest deriv-
atives in vivo using sox10-Cre transgenic mice demonstrated
that in the cranial region adipocytes originated from the neu-
ral crest whereas in the trunk they originated from the meso-
derm. Finally, we observed that in primary cultures, both
cephalic and truncal neural crest cells from developing quail
were able to differentiate into adipocytes (3). Altogether, these
data indicate that adipocytes have an alternative origin in the
neural crest. It is known that fat cells from different depots
exhibit different properties and have different impact on the
development of metabolic disorders. Whether adipocytes of
different origin also differ in their biological functions remains
to be investigated. 

In regard to humans, we have recently isolated multipotent
stem cells from the crude stroma-vascular fraction of adipose
tissue of young donors of both sex. These cells, we named
hMADS for Multipotent Adipose-Derived Stem cells, display
extensive self-renewal capacity in vitro, exhibit a normal diploid
karyotype and maintain the capacity to undergo differentia-
tion into functional mesenchymal cell types, such as adipocytes,
osteoblasts, chondrocytes and skeletal myocytes (4). In vivo,
entrapped within an appropriate scaffold, hMADS cells were
able to form bone after subcutaneous injection into nude mice,
suggesting that hMADS cells could be used for bone repair (5).
Transplantation of hMADS cells into muscles of dystrophin-defi-
cient mdx mice, an animal model of Duchene Muscular Dys-
trophy disease, resulted in substantial expression of human dys-
trophin, altogether showing the therapeutic potential of stem
cells isolated from adipose tissue (4). 
As the maintenance of adipocyte precursor pools is regulated
by self-renewal of stem cells, we have undertaken the identifi-
cation of molecular events involved in proliferation and differ-
entiation of hMADS cells. We have identified the occurrence
of autocrine/paracrine FGF loop in the maintenance of self-
renewal of adipose tissue-derived stem cells (6). It appears that
6-bromoindirubin-3’-oxime (BIO) or LiCl, two pharmacologi-
cal inhibitors of GSK3, behave as both inhibitors of cell prolif-
eration and of early steps of adipocyte differentiation (7). In
contrast, purmorphamine, an activator of Hedgehog signaling,
did not affect neither cell proliferation nor early steps of adi-
pogenesis but impaired adipocyte maturation of hMADS cells
(8). Finally, we see that activin A, a secreted protein composed
of two βA-inhibin (Inhβa) subunits, is a critical early regulator
of human adipose-derived stem cell adipogenesis. 
These pathways may represent potential targets for control-
ling adipocyte precursor pool under conditions were fat tis-
sue formation is impaired.
Dani, C., Smith, A. G., Dessolin, S., Leroy, P., Staccini, L., Villageois, P.,
Darimont, C., and Ailhaud, G. (1997). Differentiation of embryonic stem
cells into adipocytes in vitro. J Cell Sci 110 (Pt 11), 1279-1285.
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Billon, and C. Dani. 2008. Commitment of mouse embryonic stem cells
to the adipocyte lineage requires retinoic acid receptor beta and active
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Billon, N., Iannarelli, P., Monteiro, M. C., Glavieux-Pardanaud, C., Richard-
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The role of NF-kB in hypoxia–induced gene expression

C. Taylor

UCD, Dublin, Ireland

Hypoxia is a common physiologic and pathophysiologic stim-
ulus which activates the expression of genes through oxygen-
sensitive transcription factors including the hypoxia inducible
factor (HIF) and nuclear factor-kappaB (NF-κB). Hypoxia-
dependent gene expression can have important physiologic or
pathophysiologic consequences for an organism depending
upon the cause of the hypoxic insult. Consequently, this path-
way represents an attractive therapeutic target in a number of
disease states. While the mechanism linking hypoxia to the acti-
vation of HIF has been extensively studied, our understanding
of how hypoxia activates NF-κB is limited. Recent studies have
demonstrated that similar oxygen sensing mechanisms are
employed in conferring oxygen sensitivity to both HIF and NF-
κB-dependent gene expression. Furthermore, there is an exten-
sive degree of cross-talk occurring between NF-κB and HIF.
Investigations into mechanisms of hypoxic activation of HIF and
NF-κB and how these signaling pathways interact will uncover
new therapeutic modalities in a diverse range of disease states
where hypoxia is a feature of the microenvironment including
cancer, vascular disease and chronic inflammation.

Funding for this project is provided by Science Foundation
Ireland.
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Regulation of Oxygen Homeostasis by Hypoxia-Inducible
Factor 1

G. Semenza
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Blood vessels serve as the conduit by which O2 and nutrients
are delivered to body tissues. In patients with atherosclerotic
cardiovascular disease, arterial stenosis results in decreased tis-
sue perfusion and ischemia. Decreased O2 levels in ischemic
tissue lead to increased activity of hypoxia-inducible factor 1
(HIF-1), which mediates transcription of genes encoding angio-
genic growth factors such as vascular endothelial growth fac-
tor and stromal-derived factor 1. These angiogenic factors acti-
vate endothelial cells in the ischemic tissue and induce the
mobilization into peripheral blood of CD34+/VEGFR2+ and
CXCR4+/Sca1+ circulating angiogenic cells (CACs), which home
to the ischemic tissue, where they promote angiogenesis and

arteriogenesis. Aging impairs the physiological response path-
way through which hypoxia induces HIF-1 activity, angiogenic
growth factor expression, CAC mobilization, and tissue vascu-
larization. In a mouse model of limb ischemia, HIF-1 gene ther-
apy was sufficient to overcome the aging-associated impair-
ment of ischemia-induced vascularization (1). 
Tumor growth is dependent on the formation of blood ves-
sels. A novel strategy for treating cancer is metronomic ther-
apy, which involves the administration of lower doses of chemo-
therapy at more frequent intervals. Metronomic administration
of several chemotherapeutic agents has been shown to block
blood vessel formation, thereby inhibiting tumor growth. How-
ever, the mechanism by which metronomic chemotherapy
inhibits tumor vascularization has not been determined. For
one class of commonly-used chemotherapeutic agents, we have
found that daily administration inhibits HIF-1 transcriptional
activity, leading to decreased expression of angiogenic growth
factors in tumor xenografts and peripheral blood, decreased
mobilization of CD34+/VEGFR2+, CXCR4+/Sca1+, and
CD117+/VEGFR2+ CACs into peripheral blood, decreased tumor
vascularization, and a dramatic arrest of tumor growth (2).
Bosch-Marce, M., Okuyama, H., Wesley, J. B., Sarkar, K., Kimura, H., Liu,
Y. V., Zhang, H., Strazza, M., Rey, S., Savino, L., Zhou, Y. F., McDonald,
K. R., Na, Y., Vandiver, S., Rabi, A., Shaked, Y., Kerbel, R., LaVallee, T.,
and Semenza, G. L. Effects of aging and HIF-1 activity on angiogenic
cell mobilization and recovery of perfusion following limb ischemia.
Circ. Res. 101:1310-1318 (2007).

Lee, KA., Qian, D. Z., Rey, S., Wei, H., Liu, J. O., and Semenza, G. L. Anthra-
cycline chemotherapy inhibits HIF-1 transcriptional activity and tumor-
induced mobilization of circulating angiogenic cells. Proc. Natl. Acad.
Sci. USA 106:2353-2358 (2009).
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The neurogenic vascular niche of the carotid body and its
activation by hypoxia
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The carotid body (CB) is a neural crest-derived organ organized
in clusters of neuron-like glomus cells surrounded by processes
of glia-like sustentacular cells, which were classically believed
to have a structural role. The organ is highly vascularized and
densely innervated by afferent sensory fibers. The CB is a prin-
cipal component of the homeostatic acute oxygen sensing sys-
tem, required to activate the brain stem respiratory center to
evoke hyperventilation during hypoxemia (Weir et al. 2005).
The carotid body has also a remarkable structural plasticity
since, unlike other neural tissues, it grows several folds its nor-
mal size upon maintained exposure to low blood oxygen ten-
sion (as it occurs during acclimation to high altitude or in
patients with cardiopulmonary diseases presenting reduced
lung gas exchange) (Edwards et al. 1971; Arias-Stella & Valcar-
cel, 1976). The processes underlying this classic response to
hypoxia are essentially unknown. In the course of a systematic



229P

Research Symposia

study of the pattern of cell proliferation in the CB of animals
exposed to sustained hypoxia we have discovered a population
of neural crest-derived progenitors in the adult CB. Although
CB glomus cells can undergo mitosis, the growth of the organ
mainly depends on the proliferation and differentiation of the
stem cells, which form multipotent and self-renewing colonies
in vitro (Pardal et al. 2007). The newly generated glomus cells
have a normal phenotype (López-Barneo et al. 2001), they
express voltage-dependent ion channels and respond to acute
hypoxia and/or hypoglycemia with a surge of catecholamine
release. Cell fate mapping experiments in vivo indicate that,
unexpectedly, CB stem cells are a subpopulation of sustentac-
ular cells. In vitro, these cells can be identified by their positive
immunoreactivity to glial markers. In this respect, the neural
crest derived CB progenitors resemble the stem cells identified
in the neurogenic centers of the central nervous system
(Doetsch, 2003). These observations identify the mammalian
carotid body as a niche of neurogenesis with a recognizable
physiological function in adult life. Besides its pathophysio-
logical significance, CB stem cells could have potential clinical
applicability.
Arias-Stella J & Valcarcel J (1976) Hum Pathol 7, 361-373.

Doetsch F (2003) Nat Neurosci 6, 1127-1134.
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364-377.

Weir EK, López-Barneo J, Buckler KJ & Archer S. (2005) N Engl J Med 353,
2042-2055

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.

SA55

Interaction between cytochrome c oxidase and nitric oxide:
physiological and pathophysiological consequences
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At physiological concentrations nitric oxide (NO) inhibits mito-
chondrial cytochrome c oxidase in competition with oxygen.
We have developed a technique based on visible light spec-
troscopy and used it to demonstrate that endogenous NO
enhances reduction of the electron transport chain, thus
enabling cells to maintain their VO2 at low oxygen concentra-
tions (1). This favours the release of superoxide anion, which
initiates the transcriptional activation of NF-κB as an early stress
signalling response (2). We have also used this technique to
demonstrate that NO is inactivated by cytochrome c oxidase
in its oxidised state and have proposed that cessation of such
inactivation at low oxygen concentrations may account for
hypoxic vasodilatation (3).
Many cells respond to a decrease in oxygen availability via sta-
bilisation of hypoxia-inducible factor-1α (HIF-1α), whose accu-

mulation is normally prevented by the action of prolyl hydrox-
ylases. We have found that inhibition of mitochondrial respi-
ration by low concentrations of NO leads to inhibition of HIF-
1α stabilisation (4). This prevents the cell from registering
hypoxia at low oxygen concentrations, which would otherwise
result in upregulation of defensive genes, including those for
glycolysis and angiogenesis. Furthermore, inhibition of mito-
chondrial respiration in hypoxia leads to redistribution of avail-
able oxygen toward non-respiratory oxygen-dependent tar-
gets (5).
In addition to its interaction with cytochrome c oxidase, NO
can signal for mitochondrial biogenesis via a cyclic GMP-
dependent mechanism (6). Furthermore, increases in NO
beyond physiological levels lead to persistent inhibition of other
key enzymes in the mitochondria (7) and this may account for
NO-dependent initiation of cell pathology.
1) Palacios-Callender, M., Hollis, V., Frakich, N., Mateo, J. and Moncada,
S. (2007). J. Cell Sci., 120, 160-165.

2) Quintero, M., Colombo, S.L., Godfrey, A. and Moncada, S. (2006).
Proc. Natl. Acad. Sci. USA, 103, 5379-5384.

3) Palacios-Callender, M., Hollis, V., Mitchison, M., Frakich, N., Unitt, D.
and Moncada, S. (2007). Proc. Natl. Acad. Sci. USA, 104, 18508-18513.

4) Mateo, J., Garcia-Lecea, M., Cadenas, S., Hernandez, C. and Mon-
cada, S. (2003). Biochem. J., 376, 537-544.
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Key roles for carbon monoxide in cellular responses to
hypoxia
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Regulation of ion channel activity has been suggested to be
vitally important in the responses of the carotid body and pul-
monary vasculature to hypoxia. In 2004, Kemp and colleagues
(Williams et al., 2004) reported that high conductance Ca2+

activated K+ (maxiK) channels were O2 sensitive because they
were tightly coupled to heme oxygenase-2 (HO-2), an enzyme
that generates carbon monoxide (CO) in an O2 dependent man-
ner during the catabolism of heme. CO enhanced maxiK chan-
nel activity, and under hypoxia channel activity declined due
to the suppression of CO production. With this mechanism in
mind, we have investigated whether other O2 sensitive chan-
nels might employ the same mechanism i.e. be regulated by
CO in an O2 dependent manner.
L-type Ca2+ channels are also known to be O2 sensitive (Franco-
Obregon et al., 1995), an effect which may contribute to
hypoxic relaxation of systemic smooth muscle cells. We
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reported that this sensitivity to O2 only occurred when the chan-
nels expressed a splice insert in the cytoplasmic C-terminal
domain of the α subunit (Fearon et al., 2000). We recently found
both native L-type Ca2+ channels and recombinant α1C chan-
nels expressed in the absence of auxiliary subunits to be inhib-
ited by CO (Scragg et al., 2008), an effect which is opposite of
that predicted by the HO-2 / CO model reported for maxiK chan-
nels (Williams et al., 2004). Interestingly, however, the
inhibitory effect of CO was attributable to increased produc-
tion of mitochondrial reactive oxygen species (an effect which
is also considered central to many cellular responses to hypoxia
(Bell et al., 2005)). Furthermore, CO sensitivity (like O2 sensi-
tivity) required the presence of a spliced insert in the cyto-
plasmic C-terminal domain. Indeed, three key cysteine residues
within the splice insert were found to be essential for CO sen-
sitivity (Scragg et al., 2008).
Kv2.1 is a voltage-gated K+ channel which has been suggested
to be inhibited by hypoxia in pulmonary smooth muscle cells
(Patel et al., 1997). This effect, which is enhanced when the
channel is co-expressed with the “silent” subunit Kv9.3, may
contribute to hypoxic pulmonary vasoconstriction. In ongoing
studies, we have found that Kv2.1 (when expressed in HEK 293
cells) is also inhibited by CO. Such an effect is also observed in
native Kv2.1 channels recorded in hippocampal neurones. Thus,
hypoxic inhibition of Kv2.1 through suppression of HO-2
derived CO production cannot account for hypoxic inhibition
of the channel. 
Our findings to date suggest that suppression of CO produc-
tion by heme oxygenases is unlikely to represent a universal
mechanism to account for the inhibitory actions of hypoxia on
ion channels. However, the regulation of channels by CO is a
potentially important phenomenon which is currently largely
unexplored. Given the widespread distribution of constitutively
active HO-2, and the ability of many cells to express the stress-
inducible isoform, HO-1 (Kim et al., 2006), the physiological
significance of ion channel regulation by CO is worthy of fur-
ther investigation.
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Functional role of connexins in the vascular wall signalling
processes

U. Pohl, K. Pogoda and P. Kameritsch
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The cells of the vascular wall are coupled via gap junctions,
which allow exchange of currents and small signal molecules
in order to synchronise cell responses. Indeed, local hyperpo-
larisation of arteriolar or capillary endothelial cells by the stim-
ulator acetylcholine is transmitted via endothelial gap junc-
tions. This results in a rapid, well coordinated dilation within a
microvascular network synchronising the changes in vascular
tone of local resistance vessels and their upstream feeding ves-
sels which is a prerequisite for increasing the conductance of
the vascular network, e.g. during exercise. In addition, there is
a local exchange via gap junctions of ions and small molecules
between endothelial cells and, in small vessels, between the
endothelium and the underlying vascular smooth muscle. One
example is the exchange of calcium or calcium-releasing mol-
ecules such IP3. Stimulation of cultured endothelial cells with
histamine elicits a homogeneous increase of the intracellular
free calcium concentration in virtually all cells of a monolayer.
However, a higher time resolution reveals that a rapid increase
in calcium occurs only in part of the cells giving rise to the spread
of a calcium wave over the whole monolayer which is mediated
by gap junctional communication. Indeed, pharmacological
inhibition of gap junction coupling significantly reduces the
number of cells responding to histamine with an increase of
calcium which corresponds with the observation that only a
part of the endothelial cells expresses the H1-receptor. As a con-
sequence, inhibition of gap junctional communication between
endothelial cells leads to a pronounced reduction of the cal-
cium dependent NO production in these cells. Likewise, block-
ade of GJ also reduces the endothelium-dependent dilation of
isolated resistance arteries. Calcium waves induced by mechan-
ical stimulation of a single cell typically propagate over three
to four rows of adjacent cells. In the presence of the IP3 recep-
tor blocker Xestospongine the spread of such a calcium wave
is restricted to the immediately adjacent cells indicating that
the observable spread of the wave is not only due to diffusion
of calcium from the stimulated cell. The spread of calcium waves
can be modulated by endogenous regulators of gap junctional
permeability. We have found that endothelial nitric oxide is such
a modulator, acting selectively on Cx37, one of the three con-
nexins (Cx37, Cx40 and Cx43) that form gap junctions in the
endothelium. Since Cx37 seems to play a prominent role in the
gap junctions of the myoendothelial junctions, NO may con-
trol the interaction of endothelial cells in microvessels. The mod-
ulation of gap junctional communication and hence, spread of
calcium waves is a new mechanism by which the apparent sen-
sitivity of endothelial cells to vasoactive stimuli, such as hista-
mine can be controlled. It remains to be shown whether or not
defects in endothelial gap junctional communication contribute
to impairment of endothelial function as observed in cardio-
vascular diseases.
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Regulation of smooth muscle myosin phosphatase by cAMP:
role of PKA and non-canonical cAMP effectors

G. Pfitzer1, L.T. Lubomirov1, H.R. Drinhaus1, A. Neulen1, S. Pütz1,
Z. Zhang2 and M. Aumailley2

1Vegetative Physiologie, University of Cologne, Koeln, Germany and
2Biochemistry II, University of Cologne, Koeln, Germany

We have previously shown that the stress related hormone,
urocortin 1 (UCN-1) in a cAMP dependent manner decreased
Ca2+-sensitivity of vascular smooth muscle contraction and
MLC20 phosphorylation by increasing the activity of myosin
light chain phosphatase, MLCP associated with dephosphory-
lation of MYPT1 at T696/T853 (Lubomirov et al., 2006). Here
we show, that Urocortin / cAMP-mediated dephosphorylation
of MYPT1 can be ascribed to both phosphorylation of S695
known to prevent subsequent inhibitory phosphorylation at
T696 and a decrease in the amount of active RhoA. Using cAMP
analogues which activate either relatively specific PKA (6-bnz-
cAMP) or EPACs (8-pCPT-cAMP) we tested whether so called
exchange proteins directly activated by cAMP (EPACs, Bos,
2003) contribute to activation of MLCP. Ca2+-sensitivity and
MYPT1 phosphorylation in α-toxin permeabilized mouse tail
arteries is decreased by both cAMP analogues to a similar extent
albeit with different potencies. Western blots with phosphos-
pecific antibodies against P-Ser695 of MYPT1 revealed that as
expected only 6-bnz-cAMP but not 8-pCPT-cAMP increased
phosphorylation of MYPT1-S695. 6-bnz-cAMP like urocortin
decreased active RhoA-GTP by 80% as determined by the
Rhotekin-pulldown assay. However, surprisingly, 8-pCPT-cAMP
decreased RhoA-GTP only by ~40% (n=4, p<0.05). In conclu-
sion, cAMP decreases Ca2+-sensitivity mediated by disinhibi-
tion of MLCP in a PKA-dependent and PKA-independent man-
ner. While both pathways converge at the level of MYP1 and
decrease phosphorylation of T696 and T853, whereas the
upstream mechanisms only partially overlap.
Bos JL. (2003) Nat Rev Mol Cell Biol 4, 733-738

Lubomirov LT et al. (2006) Circ Res 98, 1159-1167
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Endothelial ion channels and their role in arterial
vasodilation
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B.P. Kaistha1, J.P. Adelman3, H. Wulff4, J. Hoyer1, C. de Wit2 and
R. Köhler1
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4Pharmacology, UC Davis, Davis, CA, USA

The arterial endothelium critically contributes to blood pres-
sure control by releasing vasodilating autacoids such as nitric
oxide (NO), prostacyclin (PGI2), and the “endothelium-derived
hyperpolarizing factor” (EDHF). The synthesis of these vasodila-
tors requires Ca2+-mobilization which occurs in response to
stimulation of G-protein coupled receptors or hemodynamic
stimuli and involves Ca2+-release from the ER and/or Ca2+-
influx. The latter is mediated by Ca2+-permeable cation chan-
nels. Also K+-channels are also important herein as their activ-
ity sets the membrane potential and/or produce
hyperpolarization which provides the electrical driving force
for Ca2+-influx and also initiates the EDHF-dilator response. In
this overview we present recent insights from genetic animal
models into the specific roles of the mechanosensitive Ca2+-
permeable TRPV4 channel of the transient receptor potential
gene family and of the Ca2+-activated K+-channels of small-
and intermediate-conductance, (IK1 (KCa3.1) and SK3 (KCa2.3)
in endothelial function and vasodilation.
Pharmacological activation of endothelial TRPV4 channels by
the selective 4alphaPDD causes a robust and strictly endothe-
lium-dependent vasodilation mediated by NO and to lesser
extent by EDHF. These dilations are absent in TRPV4-/- mice.
While vasodilation in response to stimulation of G-protein cou-
pled receptors (b y e.g. acetylcholine) is unaffected by the
genetic deficiency, shear stress-induced vasodilation is elimi-
nated in TRPV4-/- mice. Thus, shear stress-induced vasodila-
tion critically depends on endothelial TRPV4 expression and
identifies endothelial TRPV4 channels as molecular component
in endothelial mechanotransduction.
Endothelial KCa2.3 and KCa3.1 has been proposed to play a
major role in EDHF-mediated dilation. To their precise roles in
EDHF-response as well as in blood pressure control we gener-
ated mice deficient of both channels. Combined KCa3.1/KCa2.3
deficiency eliminates EDHF-type dilations in the conduit arter-
ies and resistance sized arterioles. While KCa3.1 deficiency has
a severe impact on acetylcholine-induced EDHF-type dilation,
KCa2.3 deficiency impairs EDHF-type dilation to shear stress
stimulation. Hence, KCa3.1/KCa2.3-deficient mice exhibit ele-
vated blood pressure. Over-expression of KCa2.3 in KCa3.1-
mice and pharmacological potentiation of KCa3.1 (by the novel
KCa3.1-opener SKA-31) in KCa2.3-deficient KCa3.1-mice
restors or augments, respectively, EDHF-type dilation and lower
blood pressure. In conclusions, our findings in genetic animal
models show that endothelial Ca2+-permaeble TRPV4 and
hyperpolarizing KCa2.3 and KCa3.1 channels (with distinct
stimulus-dependent functions) are fundamental determinants
in endothelial functions and thus important effector proteins
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in the control of vascular tone. Therefore, pharmacological tar-
geting of these ion channels may represent novel strategies for
antihypertensive therapy and in cardiovascular disease states
associated with endothelial dysfunction.
Furchgott RF, Zawadzki JV (1980). The obligatory role of endothelial
cells in the relaxation of arterial smooth muscle by acetylcholine. Nature
288: 373-376.

Feletou M, Vanhoutte PM (2007). Endothelium-dependent hyperpo-
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Mechanotransduction of Endothelial Barrier Function

P.M. Cummins
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Vascular endothelial cells respond phenotypically to the hemo-
dynamic environment created by circulating blood, with diverse
consequences for vessel wall homeostasis, remodelling, and
vascular diseases. Hemodynamic stimuli primarily comprise
cyclic circumferential strain and shear stress, blood flow-asso-
ciated forces that profoundly impact on endothelial gene
expression and phenotype. One such impact relates to the bar-
rier integrity of the endothelium monolayer lining the vessel
lumen. Barrier function involves the regulated co-interaction
of inter-endothelial tight junction and adherens junction pro-
tein complexes and is central to vascular endothelium-medi-
ated regulation of vessel homeostasis [1]. By contrast, barrier
disruption is characterized by junctional disassembly leading
to elevated permeability and vascular leakage, an acknowl-
edged feature of many vascular pathologies, including ather-
osclerosis, pulmonary diseases, stroke, and CNS disorders [2].
As these pathologies frequently correlate with a dysregulation
in normal vessel hemodynamic loading, we hypothesized a
dynamic regulatory association between blood flow-associated
hemodynamic forces and endothelial barrier function.
Our initial investigation of this hypothesis recently examined
the effects of physiological cyclic strain on vascular endothe-
lial tight junction expression and function using a bovine aor-

tic endothelial cell (BAEC) model. Equibiaxial cyclic strain (5%,
60 cycles/min, cardiac waveform) was shown to enhance the
expression and co-immunoprecipitation of both occludin and
zonula occludens type-1 (ZO-1), pivotal components of the
tight junction complex, and to enhance localization of both
proteins to the cell-cell border. In parallel investigations, strain-
dependent modulation of tight junction phosphorylation state,
manifested as decreased pTyr-occludin and increased pSer/Thr-
ZO-1, was also observed (note: the recent finding by Kago et al.
that increased tyrosine phosphorylation of occludin accompa-
nies endothelial barrier dysfunction in a rat brain model of cere-
bral ischemia clearly highlights the physiological importance
of these phosphorylation changes to tight junction assembly
[3]). Finally, these events were consistent with a significant
strain-dependent reduction in BAEC permeability, as monitored
by transwell permeability assay [4]. In a closely related study,
our laboratory have also reported similar findings for physio-
logical laminar shear stress (10 dynes/cm2) using a bovine brain
microvascular endothelial cell (BBMvEC) model [5].
Using an in vitro laminar shear stress model, our laboratory is
currently working to delineate the precise signal transduction
mechanisms that mediate vascular endothelial barrier
responses to flow-associated mechanical stimulation. In view
of their established signalling roles in endothelial mechan-
otransduction and cytoskeletal remodelling, our investigations
have specifically focussed on the roles of VE-Cadherin [6] and
Rac1 GTPase [7], respectively. Inhibition studies using Rac1-
selective strategies (NSC23766, dominant-negative Rac1-T17N)
for example, confirm that Rac1 signalling (but not RhoA/ROCK
signalling) can mediate shear-induced pTyr-occludin reduction,
tight junction complex localization, and endothelial barrier
enhancement. Similarly, both shear-induced Rac1 activation
and vascular endothelial barrier enhancement could be fully
attenuated following over-expression of VE-Cad(ΔEXD), a “non-
junctional” VE-Cadherin mutant in which the extracellular
domain has been replaced with a FLAG epitope, thereby pre-
venting both cell-cell VE-Cadherin engagement and proper sig-
nalling through the cytoplasmic domain.
In summary, our collective data confirm that blood flow-asso-
ciated mechanical forces can up-regulate vascular endothelial
barrier function through modulation of tight junction protein
expression and biochemical properties, findings consistent with
the established “atheroprotective” influence of physiological
hemodynamic challenge in vivo. Moreover, our data also point
to a VE-Cadherin/ Rac1 signalling axis in the regulation of tight
junction complex assembly and endothelial barrier response
to shear stress. In this regard, recent reports indicating that VE-
Cadherin likely functions within a larger mechanotransduction
protein complex that also includes vascular endothelial growth
factor receptor 2 (VEGFR2) and platelet-endothelial cell adhe-
sion molecule 1 (PECAM1) [6], are of obvious relevance to these
studies and will form a basis for more elaborate investigations
into our proposed role for VE-Cadherin in the mechanoregula-
tion of vascular endothelial barrier integrity.
1. Wallez Y, Huber P. Endothelial adherens and tight junctions in vas-
cular homeostasis, inflammation and angiogenesis. Biochim Biophys
Acta 2008; 1778:794-809.

2. Harhaj NS, Antonetti DA. Regulation of tight junctions and loss of
barrier function in pathophysiology. Int J Biochem Cell Biol. 2004;
36:1206-1237.
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Functional outcomes of shear-induced signalling in
endothelial cells
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The phenotype of endothelial cells (EC) in different regions of
the circulation and functional responses of EC to stimuli, may
be conditioned by local haemodynamics and undergo changes
if flow conditions are modified. Different levels or patterns of
shear stress applied to endothelial cells regulate inflamma-
tory responses (such as leukocyte recruitment) and angiogenic
responses (such as motility). The association between oscilla-
tory, low time-average shear stress and the development of
atheroma is well known, but the level of shear stress also more
generally modulates responses to cytokines. In mice or rats,
increases in shear stress in the microcirculation lead to capil-
lary growth, and various studies indicate effects of shear stress
on related endothelial cellular responses such as migration or
proliferation. When shear stress is changed, rapid responses at
the cellular level include increased nitric oxide production, and
then gene expression is modified over hours to days. The sig-
nalling basis for the different responses is uncertain, but
mechanotransduction has variously been demonstrated to
operate through receptor tyrosine kinases, integrin-substrate
interactions, inter-cellular junctional molecules such as CD31
and VE-cadherin, and changes in permeability of membrane
ion-channels.
To link signalling mechanisms to changes in functional responses
at different levels of shear stress, we developed models in which
human or murine EC of various types were cultured in glass cap-
illaries coated with desired substrates. These constructs were
conditioned by different levels of shear stress for different peri-
ods, or exposed to changes in shear. Conditioning was combined
with treatment with cytokines such as tumour necrosis factor-
α (TNF) and interleukin-1β (IL-1), and adhesion and migration
of flowing neutrophils analysed as an ‘inflammatory’ readout.

Alternatively, closure of ‘wounds’ made in endothelial mono-
layers was followed over time, as a measure of motility. Under
all conditions, cells could be extracted and their gene expres-
sion analysed through quantitative RT-PCR. These studies were
combined with use of siRNA to reduce expression of the puta-
tive mechanotransducersβ1- orβ3-integrins, or CD31, and com-
pared with use of EC from mice lacking CD31 expression.
Initialstudiesshowedthatconditioningofseveraltypesofhuman
EC (HUVEC from umbilical veins; HUAEC from umbilical arteries;
HCAEC from coronary arteries) for 24h at increasing shear stress
powerfullysuppressedresponsestoTNF,e.g.,judgedbyneutrophil
recruitment (Sheikh et al., 2003; unpublished data). This shear-
induced reduction in sensitivity to TNF was less effective when
expressionofβ1-integrinorofCD31wassuppressedbeforeappli-
cationofshear.Suppressionofβ3-integrinexpressionhadnoeffect
on responses. In the wound healing assay, exposure of human or
murine EC to shear stress tended to align their migration with the
direction of flow, but this resulted in a net decrease in the rate at
which the gap closed. Use of siRNA against CD31 in the HUVEC, or
testingofECfrommicelackingCD31,indicatedthatexpressionof
CD31wasnotrequiredfortheshear-inducedeffectsinthismodel.
Furthermore, while a panel of genes linked to inflammation and
angiogenesiswereshowntobeshear-sensitiveintheirexpression,
this shear-sensitivity was not uniformly modified by reduction of
expressionofCD31orβ1-integrin.Thus,whiletheseadhesionmol-
ecules are implicated in shear-induced signalling to modify func-
tion of EC, different functional and genomic responses to shear
may not necessarily be mediated through the same pathway.

Taken together, these studies suggest that local shear-con-
ditioning of endothelial cells contributes to vessel-, organ- and
stimulus-specificity in inflammatory and angiogenic responses.
This specificity may play a role in predisposition of certain sites
to development of disease, but also offers insight into routes
by which these important pathophysiological responses might
be modulated for therapeutic benefit.
Sheikh et al. (2003) Blood 102, 2828-2834.
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Afferent Mechanisms in the Regulation of Micturition
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The afferent innervation of the lower urinary tract (LUT) arises
in the lumbosacral dorsal root ganglia (DRG) and is carried in
three sets of nerves: (1) pelvic and (2) hypogastric nerves which
innervate the urinary bladder and urethra and (3) pudendal
nerves which innervate the mid-distal urethra and urethral
sphincter. These afferent pathways exhibit a wide range of prop-
erties. Bladder mechano-sensitive afferents in the pelvic nerves
have small myelinated (A-δ fibre) and unmyelinated axons (C-
fibre) which respond to slow bladder filling and provide infor-



Research Symposia

234P

mation about bladder wall tension and bladder volume. On the
other hand, mechano-insensitive C-fibre afferents respond to
chemical and/or nociceptive stimuli. 
Afferent input from the LUT to the spinal cord has an essential
role in the initiation of urine storage and voiding reflexes as well
as painful sensations. Low levels of afferent activity induced
by bladder distension trigger reflex contractions of the urethral
outlet and promote continence, whereas high levels of activity
induce reflex bladder contractions and voiding. 
Bladder afferent neurons synthesize several putative neuro-
transmitters including neuropeptides, glutamate acid and nitric
oxide. These neurons also express various types of receptors
including transient receptor potential (TRP), purinergic, neu-
rokinin and neurotrophic factor (NTF) receptors. Recordings
from bladder afferent neurons or afferent nerves showed that
activation of these receptors enhances excitability. Pathologi-
cal conditions alter the chemical and electrical properties of
bladder afferent pathways leading to urinary urgency, urinary
incontinence and pain. 
Electrophysiological studies conducted on bladder sensory
neurons from cats and rats identified several mechanisms that
contribute to acute and chronic afferent sensitization. A-δblad-
der dorsal root ganglion (DRG) cells are generally resistant to
capsaicin and have tetrodotoxin-sensitive (TTX-S) Na+ chan-
nels and action potentials (APs); whereas C-fibre bladder DRG
cells are capsaicin sensitive, have TTX-resistant (TTX-R) Na+
channels and APs and have a low threshold A-type K+ current
(IA) that controls the firing threshold of the cells (1, 2). A-δ
DRG cells fire trains of APs (tonic activity) in response to a pro-
longed depolarizing current pulse; whereas C-fibre DRG cells
fire one or two APs (phasic activity) to this stimulus (3). Chronic
spinal cord injury (SCI) in rats increases TTX-S Na+ currents in
C-fibre bladder DRG cells (2). SCI in cats and rats or chemical
cystitis (CC) in rats also reduces IA, reduces the threshold for
firing and induces tonic activity in C-fibre DRG neurons (3, 4).
CC increases the expression of P2X purinergic receptors in blad-
der DRG cells and enhances the excitatory effect of ATP on
bladder afferent nerves (5). Bladder inflammation increases
the expression of nerve growth factor (NGF) in the bladder
raising the possibility that NGF contributes to the change in
afferent properties (4). This was confirmed by administering
NGF chronically to the bladder or the spinal cord (6). Follow-
ing this treatment the bladder was hyperactive and bladder
DRG neurons exhibited changes in IA and firing similar to those
induced by SCI or CC. Acute treatment of capsaicin-sensitive
C-fibre DRG neurons with agents (4-aminopyridine or sub-
stance P) that suppress K+ channels also converts phasic fir-
ing to tonic firing.
Patch clamp recordings in capsaicin-sensitive DRG neurons
from cats with feline interstitial cystitis (FIC), a chronic natu-
rally occurring painful bladder condition, have revealed changes
in IA and firing similar to those described in rats with CC or
treated with NGF. In addition, the currents induced by capsaicin
were increased in amplitude and exhibited a slower desensiti-
zation. These findings suggest that the bladder symptoms in
FIC cats are related to changes in K+ and TRPVl channels in sen-
sory neurons.
Recent studies have revealed that the urothelium has special-
ized sensory and signaling properties that allows urothelial cells
to respond to their chemical and physical environment and to
engage in chemical communication with neighboring afferent

nerves (7). The role of ATP in urothelial-afferent communica-
tion has attracted considerable attention because ATP excites
sensory nerves and bladder distension releases ATP from the
urothelium. In FIC cats and patients with interstitial cystitis ATP
release from urothelial cells is significantly increased above nor-
mal levels, raising the possibility that enhanced signaling
between the urothelium and afferent nerves contributes to
painful bladder sensations. 
In summary, alterations in the expression and/or properties of
ion channels (Na+, K+ and TRPVl) and altered chemical com-
munication between the urothelium and afferent nerves could
contribute to abnormal sensory mechanisms in the bladder in
pathological conditions.
1.Yoshimura N, et al, Different types of Na+ and A-type K+ currents in
dorsal root ganglion neurons innervating the rat urinary bladder. J Phys-
iol 1996, 494, 1-16.

2.Yoshimura N & de Groat WC, Plasticity of Na+ channels in afferent
neurons innervating rat urinary bladder following spinal cord injury. J
Physiol 1997, 503, 269-276.

3.Yoshimura N & de Groat WC, Increased excitability of afferent neu-
rons innervating rat urinary bladder following chronic bladder inflam-
mation. J Neuroscience 1999, 19, 4644-4653.

4.de Groat WC & Yoshimura N Mechanisms underlying the recovery
of lower urinary tract function following spinal cord injury. Eds.: Weaver
L.C. and Polosa C. Prog Brain Research 2006, 152, 59-84.
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The central nervous system is essential for the storage and elim-
ination of urine. This occurs at the level of the sacral spinal cord
and supraspinally utilising the autonomic and the somatic nerv-
ous system (De Groat, 2006). A major efferent site found in the
rostral dorsalateral pons is Barrington’s nucleus (pontine mic-
turition centre; PMC or M region), which sends projections to
the parasympathetic preganglionic neurons in the sacral spinal
cord projecting to the bladder. Another area located in the
region of the ventrolateral parabachial and Kolliker-Fuse
nucleus, is known as the L-region (“continence centre”) and
sends projections to Onuf’s nucleus in sacral spinal cord, which
contains the motoneurons innervating the striated muscles of
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the urethral sphincter. This region has not been defined in
humans or rats (Griffiths, 2002). Afferent pathways terminate
in the caudal periaqueductal grey (PAG), which provides the
major excitatory inputs to the PMC along with some hypo-
thalamic and preoptic regions. Further, dense projections to
this region of the PAG come from orbital and prefontal cortex
and regions such as the amygdala and hypothalamus (Holstege,
2005). As would be expected all these pathways utilise the neu-
rotransmitters glutamate and GABA/glycine, for instance NMDA
or AMPA antagonists depressed bladder reflexes and sphincter
activity (De Groat & Yoshimura, 2001). However other trans-
mitters such as 5 hydroxytryptamine (5 HT; Ramage, 2006),
noradrenaline (Michel & Vrydag, 2006), dopamine as well as
many others also play a role (De Groat, 2006). In the case of 5-
HT blockade of central 5-HT1A receptors both spinally and
supraspinally will increase the threshold for micturition reflex,
as does the blockade of supraspinal 5-HT7 receptors. However
once the reflex is initiated the bladder contraction height is sim-
ilar along with the associated changes in urethral variables. This
may suggest that both receptors attenuate afferent input. Sur-
prisingly afferent (pelvic nerve) evoked excitation of the PMC
was unaffected by blockade of 5-HT1A receptors, although other
sites need to be tested such as the PAG. Effect of 5-HT7 block-
ade has yet to be tested. It is possible that this 5-HT system, at
least, supraspinally may control the level at which the PMC neu-
rones switch from storage to expulsion. The PMC does receive
a dense innervation from the median raphé, while the dorsal
raphé does project to this brain area but it is not clear if this
includes the PMC. Interestingly, both these raphé nuclei send
projections to the raphé magnus. Electrical stimulation of this
nucleus in rats causes inhibition of bladder contractions,
although sacral 5 HT1A receptors do play a physiological role,
at least in rat, it is an excitatory role and again probably on the
afferent side of the reflex. It could be mediated by 5-HT2C recep-
tors, as their activation has an inhibitory action, although block-
ade of these receptors does not affect the micturition reflex.
Blockade of 5 HT2A receptors does cause a small inhibition of
the reflex. Further, at the sacral level activation of 5 HT2A recep-
tors in the rat causes excitation of the external urethral sphinc-
ter, again the physiological role of these receptors is far from
clear (Mbaki & Ramage, 2008). Interestingly, under certain
pathophysiolgical conditions 5-HT1A receptors have also been
shown to excite this sphincter. Again their physiological role
in sphincter regulation is unclear. Overall a reduction in spinal
content of 5-HT has been shown to inhibit the micturition reflex.
Noradrenaline has also been implicated in the control of mic-
turition and in this respect the locus coeruleus is located adja-
cent to the PMC. Electrical stimulation of the locus coeruleus
causes contraction of the bladder in the cat, which is blocked
by intrathecal injection of a α1-adrenoceptor antagonist, pra-
zosin. This has also been confirmed in the rat. Further, destruc-
tion of noradrenaline-containing neurones in the locus
coeruleus produces bladder hyperactivity. There are no data
on if or how the locus coeruleus inputs to the pontine micturi-
tion centre, although interestingly both the dorsal and median
raphé send and receive projections from the locus coeruleus.
However, increasing the levels of both 5-HT and noradrenaline,
using duloxetine a selective serotonin (5-HT)-noradrenaline
reuptake inhibitor (SSNRI), is effective in the treatment of stress
incontinence. In animal models duloxetine has been shown to
increase sphincter activity. In conclusion, although the above

has focused on 5-HT and noradrenaline, these studies have only
begun to elucidate their role in the complex circuitry involved
in the regulation of micturition, which also involves many other
transmitters.
De Groat, WC (2006). Br J Pharmacol 147 suppl 2:S25-S40.

De Groat, WC & Yoshimura, N (2001). Ann Rev Pharmacol Toxicol
41:691-721

Griffiths, DJ (2002). Scand J Urol Nephrol 36 Suppl 210:21-26.

Holstege, G (2005). J Comp Neurol 493:15-20.

Michel, MC & Vrydag, W (2006) B J Pharmacol 147 suppl 2:S88-S119.

Ramage, AG (2006). Br J Pharmacol 147 suppl 2:S120-S131.

Mbaki, Y & Ramage, AG (2008). Br J Pharmacol 155:343–356.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Spinal Mechanisms in Continence and Micturition

K.B. Thor

Astellas Pharmaceuticals, Inc., Durham, NC, USA

The function of the lower urinary tract is storage and periodic
elimination of urine. These functions are mediated by con-
tractions of the smooth and striated muscle of the urethra and
smooth muscle of the bladder, respectively, when stimulated
by sympathetic and somatic efferent fibers to the urethra and
parasympathetic efferent fibers to the bladder. The sympathetic
efferent outflow along the hypogastric nerve to the urethral
smooth muscle originates from the intermediate gray matter
at the rostral lumbar spinal segments, while the somatic out-
flow along the pudendal nerve to the urethral striated muscle
originates from a highly specialized motor cell group called
Onuf’s nucleus located in the sacral spinal segments. The
parasympathetic outflow along the pelvic nerve to the bladder
smooth muscle originates from the sacral parasympathetic
nucleus. The efferent activity to the urethra and bladder are
regulated by “hardwired” neuronal reflex circuits organized
spinally and supraspinally, respectively, that are triggered by
activation of lightly-myelinated Aδ primary afferent fibers in
the bladder and urethra. These “hardwired” storage and mic-
turition reflexes are modulated by various neurotransmitters
(e.g. serotonin, norepinephrine, opioids) that originate in var-
ious nuclei throughout the brain to coordinate micturition
within behavioral and environmental contexts (Thor 2004).

In addition to the urethra and bladder, spinal control of the
pelvic floor (levator ani) muscle is also important for urine stor-
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age and voiding. The levator ani muscles are innervated by
somatic αand γmotor neurons located in the sacral spinal cord
with axons carried in the levator ani nerve (Barber et al, 2002).
In animals, the levator ani motor neurons show strong dendritic
projections into Onuf’s nucleus, suggesting an anatomical sub-
strate for physiological coordination of urethral and pelvic floor
striated muscles (Pierce et al, 2005). The sensory innervation
of the pelvic floor muscles includes large myelinated axons asso-
ciated with muscle spindles and Golgi tendon organs with spinal
terminations in medial lamina VI, an area that contains interneu-
rons involved in somatic stretch reflexes and which receives a
strong dendritic projection from levator ani motor neurons.
However, the vast majority of levator ani primary afferent neu-
rons are small, peptidergic fibers (Pierce et al, 2006).

Contractionofthebladdermustbecoordinatedwithrelaxation
of the urethra for voiding to occur. This synergy is accomplished
by “turning off” or inhibiting the spinal sympathetic and somatic
storage reflexes simultaneously with “turning on” or activating
the supraspinal parasympathetic micturition reflex. Animal stud-
ies provide evidence for both supraspinal and spinal mechanisms
for inhibiting the storage reflexes during periods of high bladder
activity,withastrongfocusoninhibitoryinterneuronsinthelum-
bosacral dorsal commissure gray matter (Blok et al., 1998). This
“spinal, urine-storage-reflex, inhibitory center”, or SUSRIC,
becomes active when pelvic nerve afferent activity exceeds 5 - 10
Hz. The inhibition is activated within 50 msec of pelvic afferent
nerveactivationandlastsabout1,000msec.SUSRICreceivesinput
from both spinal and supraspinal neurons. Spinal damage in
humansgreatlycompromisesbladder-urethrasynergyduringvoid-
ing, which indicates a strong supraspinal component for synergy.

Spinal damage, which severs supraspinal connection (i.e.
destroyingthesupraspinalparasympatheticmicturitionreflexpath-
way), initiallypresentsanareflexicbladder.However, intheweeks
to months following spinal injury, a spinal parasympathetic mic-
turitionreflexpathwaytriggeredbyunmyelinated,Cfiberprimary
afferent neurons develops (de Groat et al., 1990). Unfortunately,
this spinal C fiber parasympathetic micturition reflex pathway is
inefficient and poorly inhibits the storage reflexes, and patients
present with high pressure bladders that predispose to renal fail-
ure and large post-void residual urine volumes that predispose to
infection.Therefore,spinalcordinjuredpatientsgenerallydepend
on intermittent catheterization to empty the bladder.

Understanding the neural circuits and transmitter systems
involved in controlling the urethra and bladder offer opportuni-
ties for development of pharmacological, as well as device-based,
therapies for incontinence and other voiding dysfunctions.
Thor, K.B. “Targeting Serotonin and norepinephrine receptors in stress
urinary incontinence” Int. J. Obs. Gynecol. 86 Suppl. 1: S38-52 (2004)

Barber, M.D., Bremer, R.E., Thor, K.B., Dolber, P.C., Kuehl, T.J., Coates,
K.W. “Innervation of Female Levator Ani Muscles” Am J Obstet Gynecol
187:64-71 (2002)

Pierce, L.M., Reyes, M., Thor, K.B., Dolber, P.C., Bremer, R.E. Kuehl, T.J.,
Coates, K.W. “Immunohistochemical Evidence for the Interaction
Between Levator Ani and Pudendal Motor Neurons in the Coordination
of Pelvic Floor and Visceral Activity” Am. J. Obstet. Gynecol. 192:1506-
1515 (2005)

Pierce, L.M., Rankin, M.R., Foster, R.T. Dolber, P.C., Coates, K.W., Kuehl,
T.J., Thor, K.B. “Distribution and immunohistochemical characteriza-
tion of primary afferent neurons innervating the levator ani muscle of
the female squirrel monkey” Amer. J. Obset. Gynecol., 195:987-96 (2006)

Blok BF, van Maarseveen JT, and Holstege G. Electrical stimulation of
the sacral dorsal gray commissure evokes relaxation of the external
urethral sphincter in the cat. Neurosci Lett. 249:68-70 (1998)

deGroat, W.C., Kawatani, M., Hisamitsu, T., Cheng, C.-L., Ma, C.-P., Thor,
K.B., Steers, W., and Roppolo, J.R. Mechanisms Underlying the Recov-
ery of Urinary Bladder Function following Spinal Cord Injury. J. Auton.
Nerv. Syst. 30: S71-S78 (1990)
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The neurophysiology of human faecal continence in health
and disease

S. Hamdy

GI Sciences, University of Manchester, Salford, UK

Faecal incontinence can affect as many as 1 in 10 of the popu-
lation and increases in prevalence as we age. In most cases this
can lead to social isolation, reduced quality of life and depres-
sion. Despite this, faecal incontinence therapies remain con-
troversial, with limited evidence base and little in the way of
objective scientific criteria. Maintenance of faecal continence
is complex and involves coordination of the anorectum and
pelvic floor via intricate motor and sensory neural pathways.
And while the major component in this process is the anal
sphincter, faecal continence depends not only on sphincter
integrity but also on spinal and cerebral inputs to the pelvic
floor. Given this anatomical insight, it is surprising that the neu-
rophysiological mechanisms which control human anal conti-
nence remain uncertain. A better understanding of these neu-
rophysiological processes may therefore help in elucidating the
pathophysiology of faecal incontinence, as well as guide man-
agement. In this talk, I will examine present knowledge about
the cortical control of anal function in man particularly from
investigations with Transcranial Magnetic Stimulation, and
explore what aspects of its organisation are influenced by
peripheral/spinal inputs. In addition, I will describe current
approaches to faecal incontinence therapies and review the evi-
dence base for such interventions. Finally I will discuss new
approaches for the rehabilitation of faecal incontinence that
might harness compensatory brain mechanisms to improve
sphincter function.

The speaker would like to acknowledge funding from Research
into Ageing, and Dr Mary Lou Harris, who is funded by a
NCCRCD post doctoral fellowship.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Animal models of neuropathic faecal incontinence

J.F. Jones1, C. Peirce1, K. Griffin1, M. Buffini1, C. O’Herlihy2 and
R. O’Connell3

1Physiology, University College Dublin, Dublin, Ireland, 2Obstetrics
and Gynaecology, National Maternity Hospital, Dublin, Ireland and
3Surgery, St Vincent’s Hospital, Dublin, Ireland

Faecal incontinence in women is often related to damage to the
pudendal nerve during traumatic childbirth (Snooks et al.,
1984). The precise pathophysiology of this disorder is not well
understood. Chronic electrical stimulation of sacral nerve roots
decreases the frequency of soiling episodes in patients with fae-
cal incontinence (Melenhorst et al., 2007), but the scientific
basis of this therapy is unknown. For these reasons, animal mod-
els of neuropathic faecal incontinence may offer unique insights
into this debilitating disorder and lead to more rational and suc-
cessful application of neurostimulators.
In order to examine the central nervous system adaptations to
obstetric related pudendal nerve injury, two animal models
have been created using female virgin Wistar rats (Healy et al.,
2008). The first involves a direct crush bilaterally of the infe-
rior rectal nerve (IRN), a terminal branch of the pudendal nerve.
The IRN supplies the external anal sphincter (EAS). The sec-
ond involves retro-uterine inflation of two balloon catheters to
increase pelvic pressure and mimic the compressive forces of
labour. Both models lead to significant EAS atrophy, denervated
motor endplates and electromyographic evidence of renerva-
tion one week following injury. 
The IRN is not purely a motor nerve but contains small diame-
ter fibres with cell bodies in dorsal root ganglia L6-S2. This was
demonstrated by examining fluorogold labelling of axons and
immunocytochemistry for activating transcription factor 3, a
marker of axonal injury. Electrical stimulation of this mixed
nerve evokes potentials in the contralateral somatosensory cor-
tex and these potentials are significantly reduced in both ani-
mal models four weeks after injury (Peirce et al., 2009). The
working hypothesis that emerges from these results is as fol-
lows: childbirth may damage the pudendal nerve and the sen-
sory component of the nerve is more susceptible to damage,
leading to loss of cortical awareness of the pelvic floor. 
In more recent studies a finer exploration of the somatosen-
sory cortex and anorectal representation is being conducted
using multi-electrode array and functional magnetic resonance
imaging. The lumbosacral nerve roots will be electrically stim-
ulated in future experiments to test whether the cortical con-
trol of continence is plastic and susceptible to re-modelling by
this intervention.
Healy, C.F., O’Herlihy, C., O’Brien, C., O’Connell, P.R., Jones J.F. 2008.
Experimental models of neuropathic fecal incontinence: an animal
model of childbirth injury to the pudendal nerve and external anal
sphincter. Dis. Colon Rectum. 51,1619-1626.

Melenhorst, J., Koch, S.M., Uludag, O., van Gemert, W.G., Baeten, C.G.
2007. Sacral neuromodulation in patients with faecal incontinence:
results for the first 100 permanent implantations. Colorectal Dis. 9,
725-730.

Peirce, C., Healy, C.F., O’Herlihy, C., O’Connell, P.R., Jones J.F. 2009.
Reduced Somatosensory Cortical Activation in Experimental Models
of Neuropathic Fecal Incontinence. Dis. Colon Rectum (in the press).

Snooks SJ, Swash M, Setchell M, Henry MM. Injury to innervation of
pelvic floor and sphincter musculature in childbirth. The Lancet 1984:
546-50.

This work was supported by a grant from the Health Research
Board, Ireland.
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Dynamics of nitric oxide transmission

J. Garthwaite

Wolfson Inst for Biomed Res, University College London, London, UK

Nitric oxide (NO) is a unique type of signalling molecule that
operates throughout the central nervous system, where it par-
ticipates in numerous behaviours, including in learning and
memory formation. At a more cellular level, NO contributes to
long- and short-term modifications of synaptic strength in many
brain areas. NO is unusual in being highly membrane perme-
able and it conveys messages not just between neurones but
also between neurones and glial cells and, more surprisingly,
also between capillary endothelial cells and neurones (Garth-
waite, 2008). There remains, however, a lack of clarity about
how NO functions at the cellular and molecular levels, partic-
ularly when compared with conventional neurotransmitters.
We have attempted to address this issue in three ways. First,
knowledge of the kinetics of receptors for signalling molecules
reveals much about the messages they have evolved to detect
and decode. In the case of NO, the receptors couple the bind-
ing of NO to the synthesis of cGMP by an intrinsic guanylyl
cyclase domain of the protein. By analysing the kinetics of this
enzyme-linked receptor it has been possible to elaborate a
model that simulates all the main functional data from exper-
iments on neural and other cells in vitro, as well as on the puri-
fied receptor protein (Roy et al., 2008). From this work, it is con-
cluded that the receptors are highly sensitive NO detectors
capable of capturing brief (sub-second), low level (sub-nanomo-
lar) NO signals and transducing them into meaningful biolog-
ical responses. Secondly, in the absence of direct methods of
measurement, computer modelling has been used to predict
the profiles of NO in time and space when synthesised at active
synapses or in capillaries. This approach suggests that the rel-
evant NO concentrations are orders of magnitude lower than
was once thought, probably in the sub-nanomolar range. More-
over, in contrast to early estimates, NO released at synapses
may act only very locally, even in a synapse-specific manner. A
more global low-level NO signal is likely arise from the network
of capillary endothelial cells. Finally, using a newly developed
real-time cGMP imaging technique (Nausch et al., 2008) it has
been possible to analyse quantitatively cellular responses to
sub-nanomolar NO concentrations for the first time, the results
of which provide good support for the conclusions about the
dynamics of NO signal transduction drawn from computer
modelling and the analysis of the receptor kinetics.
Garthwaite J (2008). Eur J Neurosci 27, 2783-2802.



Research Symposia

238P

Nausch LW et al. (2008). Proc Natl Acad Sci USA 105, 365-370.

Roy B et al. (2008). J Biol Chem 27, 18841-18851

Research in my laboratory is funded by The Wellcome Trust.
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The NO receptor guanylyl cyclase: signalling downstream of
NOS

E. Mergia2, F. Taqatqeh2, A. Neitz2, T. Mittmann2, U. Eysel2 and
D. Koesling1

1Institut für Pharmakologie und Toxikologie, Ruhr-Universität
Bochum, Bochum, Germany and 2Institut für Physiologie, Abteilung
für Neurophysiologie, Ruhr-Universität Bochum, Bochum, Germany

Most of the effects of the signalling molecule nitric oxide (NO)
are mediated by the NO-receptor guanylyl cyclase (GC) whose
cGMP forming activity is stimulation upon NO binding to its
heme moiety. The subsequent cGMP increase changes the
activity of the cGMP effector molecule (kinases, phosphodi-
esterase, ion-channels) NO/cGMP signalling plays an important
role in the vascular system and has been proposed to partici-
pate in synaptic plasticity in brain. 
The NO-receptor GC consist of two subunit (αβ) and exists in
two isoforms that share regulatory properties but differ in the
subcellular localization; the more ubiquitously expressed NO-
GC1 (α1β1) and NO-GC2 (α2β1) mainly expressed in brain.
Genetic deletion of either one the α subunit causes a loss of the
respective NO-receptor isoform. As the remaining non-deleted
NO-receptor isoform was not up regulated, the respective KOs
can provide information about the functional role of the NO
receptors isoforms and of NO in general. 
Long term potentiation (LTP) was measured in slices of the visual
cortex. NO-dependent LTP was absent in either one of NO-
receptor-deficient mice but was reconstituted with a cGMP ana-
logue in both strains. The results suggest that the NO-recep-
tor isoforms cannot substitute for each other and play distinct
roles in LTP. LTP measurements in the CA1 region of hip-
pocampus will show whether both NO-receptor isoforms are
also required in this best studied form of LTP.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Nitric Oxide-Dependent AMPA Receptor Trafficking in
Hippocampal Neurons Induced by the cGMP-Regulated
Kinase, cGKII

Y. Serulle1, S. Zhang1, I. Ninan1, D. Puzzo2, M. McCarthy1,
L. Khatri1, O. Arancio2 and E.B. Ziff1

1NYU School of Medicine, New York, NY, USA and 2Columbia
University College of Physicians and Surgeons, New York, NY, USA

At glutamatergic synapses of the central nervous system,
AMPA-type glutamate receptors provide the major fast, exci-
tatory currents that stimulate action potentials, while NMDA
receptors conduct Ca2+ currents that induce plastic changes
in synaptic transmission. The GluR1 AMPA receptor subunit
trafficks to synapses in response to NMDA receptor activation,
increasing AMPA receptor currents and contributing to the
mechanism of long-term potentiation (LTP). The C-terminal
domain of GluR1 binds the scaffolding protein, SAP97, which
in turn binds the AKAP79-PKA complex (Oh et al. (2006)).
NMDA receptor-induced cAMP transients activate the GluR1-
associated PKA, which phosphorylates GluR1 on S845 in the
subunit C-terminal domain, leading to an increase in GluR1
plasma membrane levels. 
The NMDA receptor also activates neuronal nitric oxide syn-
thase (nNOS), which produces NO that activates the produc-
tion of cGMP by soluble guanylate cyclase (sGC). We have shown
that cGMP activates the cyclic GMP-dependent protein kinase
II (cGKII), whereupon cGKII binds directly to the GuR1 CTD and
phosphorylates S845 (Serulle et al (2007); please see this ref-
erence for these and other experimental details). Residues of
GluR1 required for formation of this the complex flank the phos-
phorylation site (S845) and share sequence homologies with
other kinase binding peptides. For biochemical experiments,
rats were anesthetized with a lethal dose of sodium pentobar-
bital (120mg/kg) prior to sacrifice by decapitation. 
The cGKII-GluR1 complex was detected in rat brain extracts
after cGMP stimulation. In dissociated embryonic hippocam-
pal neurons (21 DIV), provision of exogenous NO or cGMP acti-
vates cGKII and the phosphorylation of S845, which increases
the plasma membrane levels of GluR1 at extrasynaptic sites.
Stimulation of the NMDA receptor via chemical LTP (200 micro-
molar glycine; chemLTP) induces these steps in dissociated hip-
pocampal neurons, but leads to synaptic incorporation of
GluR1, as reflected by increases in mini EPSC amplitude and
colocalization of GluR1 with synaptic markers. These increases
are sensitive to inhibitors of nNOS, sGC and cGKII, indicating
that the described pathway of activation of cGKII contributes
to chemLTP. In hippocampal slices, LTP induced by stimulation
of the CA3/Schaffer collateral-CA1 pathway is sensitive to nNOS,
sGC and cGKII inhibitors, indicating that this pathway con-
tributes to LTP in slices. To confirm the direct involvement of
cGKII in LTP, we expressed a peptide corresponding to the cGKII
autoinhibitory domain fused to GFP, in hippocampus of mice
following anesthetization with 20 mg/kg Avertin and prepared
slices. This peptide, GFP-cGKII-i, is a very highly selective
inhibitor of cGKII and does not inhibit the related cGKI or PKA
or other kinases. The peptide, GFP-cGKII-i, blocked LTP induc-
tion while a control, GFP, had no effect, confirming the role of
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cGKII. These experiment establish a postsynaptic role for nitric
oxide in the mechanism of LTP that involves the NMDA recep-
tor-nNOS-NO-sGC-cGKII pathway. This pathway appears to
complement the previously described NMDA receptor-PKA
pathway. Both pathways lead to elevation of GluR1 at extrasy-
naptic sites and additional steps are required for synaptic inser-
tion and function of GluR1. We will discuss the possible func-
tional relationships of the cGMP and cAMP-dependent
mechanisms of GluR1 trafficking.
Oh et al. (2006). J. Biol. Chem. 281:751-56

Serulle et al (2007) Neuron 56: 670-88

We thank S. Restituito, D. Tukey, B. Jordan, and R.
Bourtchouladze for critical discussion; L. Privitera for implant-
ing cannulas onto hippocampi; and S. Mahajan for provision
of vectors. M.M. was supported by NIGMS grant 5 T32 GM
07308. This work was supported by NIH grant MH 067229 to
E.B.Z and NS 049442 to O.A.
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Nitric oxide and medullary control of autonomic functions

S. Kasparov1,2 and J.F.R. Paton1,2

1Physiology and Pharmacology, University of Bristol, Bristol, UK
and 2Bristol Heart Institute, Bristol, UK

Nitric oxide has been implicated in central autonomic control
by a large number of studies. These indicate that both endothe-
lial (eNOS) and neuronal (nNOS) isoforms play an important
role in the nucleus tractus solitarii (NTS), the primary afferent
relay of the autonomic nervous system. In 2002, we postulated
that NO generated by eNOS located within the NTS endothe-
lium is able modulate the activity of the surrounding neuronal
network and affect cardio-vascular control (Paton et al., 2002).
In support of this hypothesis, chronic inhibition of eNOS activ-
ity in NTS with an adenoviral vector expressing a dominant neg-
ative eNOS increased the sensitivity of baroreflex in nor-
motensive animals (Waki et al., 2003) and also lowered arterial
pressure in hypertensive rats (Waki et al., 2006). As the barore-
flex pathway is under powerful inhibitory GABAergic control in
NTS, we hypothesised that NO could increase release of GABA
by local interneurones, which would explain why its blockade
elevated baroreflex sensitivity. This was investigated in organ-
otypic slice cultures where the interneurones were visualised
using virally mediated gene expression with GAD67 promoter.
We found that low nanomolar concentrations of NO were able
to increase intracellular Ca2+ in these neurones via cADP-
rybose-(cADPR)-mediated signalling. Moreover, the effect was
particularly evident in axons, which are the sites primarily
involved in GABA release (Wang et al., 2006). Thus, it is likely
that NO -cADPR-mediated sensitisation of intracellular Ca2+
stores could lead to increased Ca2+ induced Ca2+ release
thereby potentiating GABA exocytosis, and GABAergic inhibi-
tion. In addition, NO potentiated monosynaptically evoked
inhibitory post-synaptic potentials (IPSPs) recorded intracellu-

larly in acute NTS slices werealso dependent on cADPR. In con-
trast, much lower NO concentrations were required for enhanc-
ing evoked glutamatergic excitatory (E) PSP (threshold con-
centration ~0.4 nM) compared to GABAergic IPSP (threshold
concentration ~ 3 nM), suggesting that GABAergic inhibition
could be recruited under conditions of increased NO genera-
tion (Wang et al., 2007). These results are consistent with our
hypothesis of vascular-neuronal signalling, but whether eNOS
in the brain is exclusive to the endothelium or is also expressed
at lower levels by glia is disputed. To properly address this issue
a cell-specific gene knock-down experiment would be ideal. We
have therefore generated and validated such a system which is
based on lentiviral expression of miRNA-like transcripts. The
system permits targeted gene knock-down in either astrocytes
or neurones and expression can be switched off using admin-
istration of doxicycline into the drinking water. Up to ~85%
knock-down of a target protein has been achieved in astrocytes
and ~50% in neurones in vivo. As a first step we have tested the
outcome of knocking down nNOS in NTS neurones. This
resulted in a gradual elevation of the systolic blood pressure
14–21 days after virus injection. Crucially, this manipulation
does not affect NO released from either afferents or other cen-
tral structures projecting to NTS because these vectors are not
transported retrogradely. We believe that this is the first clear
demonstration of an endogenous role for nNOS in the chronic
control of arterial pressure at the level of NTS.
Paton JFR, Kasparov S, & Paterson DJ (2002). Nitric oxide and auto-
nomic control of heart rate: a question of specificity. Trends Neurosci
25, 626-631

Waki H, Kasparov S, Wong L-F, Murphy D, Shimizu T, & Paton JFR (2003).
Chronic inhibition of eNOS activity in NTS enhances baroreceptor reflex
in conscious rats. Journal of Physiology 546, 233-242.

Waki H, Murphy D, Yao ST, Kasparov S, & Paton JFR (2006). Endothelial
nitric oxide synthase activity in nucleus tractus solitarii contributes to
hypertension in spontaneously hypertensive rats. Hypertension 48,
644-650.

Wang S, Paton JFR, & Kasparov S (2007). Differential sensitivity of exci-
tatory and inhibitory synaptic transmission to modulation by nitric oxide
in the nucleus tractus solitarii. Experimental Physiology 92, 371-382.

Wang S, Teschemacher AG, Paton JF, & Kasparov S (2006). Mechanism
of nitric oxide action on inhibitory GABAergic signaling within the
nucleus tractus solitarii. FASEB Journal 20 online, 1537-1539.
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Postsynaptic mechanisms by which nitric oxide regulates
transmission at a glutamatergic synapse

I.D. Forsythe

MRC Toxicology Unit, Leicester, LE1 9HN, UK

There is clear evidence of a signalling role for nitric oxide (NO)
in the brain, although demonstration of activity-dependent NO
generation is often problematic, since such low levels are
required for physiological actions. Many studies have focused
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on mechanisms associated with changes in synaptic strength
and synaptic plasticity. The medial nucleus of the trapezoid
body (MNTB) is an ideal site in which to study NO signalling: it
has a well characterised excitatory synaptic input (the calyx of
Held), in situ hybridisation (1) shows that the MNTB expresses
neuronal nitric oxide synthase (nNOS) and both presynaptic
and postsynaptic sites are amenable to patch recording, with
synaptic responses and voltage-gated currents being well char-
acterised. 
Principal neurons of the MNTB receive a large glutamatergic
input from the calyx of Held synapse and their output provides
an inhibitory glycinergic projection to two nuclei which first
compare auditory inputs from both cochleae. These binaural
comparisons occur in the medial and lateral superior olivary
nuclei and underlie sound-source localization. The large mag-
nitude of the calyx EPSC guarantees that the MNTB neuron will
reach action potential (AP) firing threshold, with minimal
latency jitter. Although several forms of short-term facilitation
and depression have been noted at this synapse, long-term
synaptic plasticity has not been observed. I will present evidence
that sustained changes in transmission at this site are mediated
by modulation of postsynaptic potassium channels rather than
by changes in presynaptic transmitter release. Synaptic activ-
ity activates neuronal nitric acid synthase (nNOS), generates
nitric oxide (NO) and regulates to postsynaptic excitability (2).
High frequency stimulation of the calyx of Held synapse caused
NMDAR-dependent generation of NO, as assessed by DAR-4M
imaging and raised intracellular cGMP. Patch-clamp recordings
showed a small reduction in synaptic strength, but the predomi-
nantchangewasreductionintheamplitudeofoutwardpotassium
currentsunderlyingAPrepolarisation.Thisphenomenonwasmim-
icked by perfusion of NO-donors and blocked by nNOS antago-
nists.CloserexaminationshowedthatKv3potassiumcurrentswere
suppressed in neurons receiving an active calyceal input and also
reduced in adjacent non-innervated neurons. This NO signalling
pathway mediates activity-dependent (and hence sound-driven)
slowing of AP time-course and increased transmission failure in
bothinnervatedandnon-innervatedMNTBneurons.Weconclude
that NO is serving as a volume transmitter, suppressing postsy-
napticcurrentsandtheefficacyoftransmissionatthisrelaysynapse
duringsustainedstimulation.Thismechanismmediatesageneral
modulation in both active and inactive neurones, thereby tuning
a population of cells to the ongoing activity across the nucleus,
rather than the activity at any one synapse or target neuron.
Fessenden JD et al., (1999) J Comp Neurol 404, 52-63.

Steinert JR et al., (2008) Neuron 60, 642-56.

This work was supported by the MRC
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Metabolomic analysis of pancreatic beta cells: insights into
stimulus-secretion coupling

H. Mulder

Lund University, Malmö, Sweden

Failure of insulin secretion is now recognized as the major cul-
prit in Type 2 Diabetes. Secretion of the hormone is mainly con-
trolled by metabolism of glucose in the pancreatic beta-cells.
However, full understanding of underlying metabolic processes
has not yet been reached. One explanation is that metabolic
changes upon variations in ambient glucose are complex.
Recently, metabolomic analyses have emerged as a possible
way to analyze the complexities of metabolism in an unbiased,
and to some extent, global fashion. We have developed an ana-
lytical platform, based on gas chromatography (GC) for sepa-
ration of metabolites, and mass spectrometry (MS) for identi-
fication of metabolites. We have applied this technique to
extracts from clonal beta-cells to resolve the dynamic changes
occurring in beta-cell metabolism after both acute and chronic
changes in glucose. Upon culture at 16.7 mM glucose for 48 h,
alterations in the levels of 7 metabolites derived from glycoly-
sis, the TCA cycle and pentose phosphate shunt, and 4 amino
acids were found. Sixteen metabolites deriving from glycoly-
sis and the TCA cycle and amino acids were identified; two were
only detectable in the extracts of clonal beta-cells cultured at
16.7 mM glucose: pyruvate and glucose-6-phospate. The TCA-
cycle intermediates, citrate, malate and fumarate, were all
increased at high glucose as was ribose-5-phosphate from the
pentose phosphate shunt. Alanine and hydroxyproline were
increased at high glucose, whereas glutamine and serine were
decreased. Next, clonal beta-cells were starved for two hours
at 2.8 mM glucose, followed by stimulation with 16.7 mM glu-
cose. Metabolites were extracted, derivatised, and subse-
quently analysed by GC/MS. Orthogonal projection to latent
structures (OPLS) was used to correlate the metabolic profile
with the time of quenching. Proteolytic amino acids, exempli-
fied by hydroxyproline, were continuously down-regulated,
whereas serine, being an important precursor of many amino
acids, purines, and pyrimidine were up-regulated. Several
amino acids also showed an initial decrease followed after 15
min by a clear stagnation, which may reflect a switch from pro-
tein catabolism to anabolism. Also ribose-5-phosphate was up-
regulated during the last 15 min investigated, which indicates
increased biosynthesis. Succinate exhibited a late rise, which
could reflect a higher level during starvation due to the entrance
of amino acids proximal to succinate in the TCA cycle. All other
glycolytic and TCA cycle intermediates were strongly up-reg-
ulated during the whole interval. The models were confirmed
by raw data analysis and t-tests. Our results show that it is fea-
sible to profile and quantify simultaneously multiple changes
in metabolite levels in beta-cells under different conditions.
Using this approach, it may be possible to reveal pathogenetic
pathways in the beta-cell.

EFSD and the Swedish Research Council

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Long-termexposureofpancreaticisletstoFFAsinhibitsglucose-
induced insulin secretion by dispersion of calcium entry

P. Rorsman

OCDEM, University of Oxford, Oxford, UK

How does long-term exposure to lipids inhibit glucose-induced
insulin secretion? The answer to this question is central to the
understanding of the impaired insulin secretion that is a hall-
mark of type-2 diabetes, a disorder that is characteristically
associated with high plasma lipid levels. We have examined the
effect of long-term (72 h) exposure of pancreatic islets to palmi-
tate on insulin exocytosis. Pretreatment of β-cells with palmi-
tate leads to a selective impairment of exocytosis evoked by
brief (action potential-like) stimulation, whereas that evoked
by long (longer than 300 ms) stimuli was unaffected. Under
normal conditions, calcium influx triggered by brief membrane
depolarizations increases cytoplasmic calcium within discrete
microdomains and triggers the exocytosis of closely associated
insulin vesicles. We found that these domains of localized cal-
cium entry become dispersed by long-term exposure to palmi-
tate. Importantly, the release competence of the granules was
not affected by palmitate and photoliberation of caged calcium
evoked indistinguishable exocytoci responses. In intact human
and mouse islets, a tenfold prolongation of the beta-cell action
potentials by the potassium channel blocker TEA corrected the
secretion defect induced by long-term FFA exposure. We pro-
pose that the palmitate-induced dispersal of the calcium chan-
nels in beta-cells represents a mechanism to prevent insulin
secretion at near-normal plasma glucose concentration when
plasma FFA levels are increased during fasting/starvation.

Supported by the Wellcome Trust and the European Commis-
sion (Eurodia)

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Insulinotropic drug action and regulation of insulin secretion

C. Bailey

Aston University, West Midlands, UK

The pathophysiology of type 2 diabetes involves the combined
effects of reduced insulin action (insulin resistance) and defec-
tive insulin secretion (beta cell dysfunction). Progressive beta
cell failure is a strong driver for the escalating hyperglycaemia
during advancement of the disease. Therapeutic interventions
to preserve beta cell function and increase insulin secretion
require a controlled to avoid episodes of hypoglycaemia.
Sulphonylureas and meglitinides can initiate insulin secretion
and enhance nutrient-induced insulin secretion, but with little
effect on insulin biosynthesis. Sulphonylureas bind to the
cytosolic face of a transmembranal complex of the sulphonyl-
urea receptor SUR1 with the adenosine-triphosphate (ATP)-

sensitive Kir6.2 potassium efflux channel. This closes the chan-
nels, depolarises the membrane, opens voltage-dependent cal-
cium channels and raises intracellular free calcium concentra-
tions. This in turn activates calcium-dependent exocytotic
pathways regulating phasic insulin exocytosis.
Meglitinides are more rapidly-acting and shorter-acting insulin
secretagogues that bind to a ‘benzamido’ site on the SUR1-
Kir6.2 complex.
Recently, therapeutic attention has turned to the endocrine
components of the entero-insular axis (‘incretins’)that enhance
the physiological insulin response to a meal. The incretin effect
is reduced in type 2 diabetes, and the meal-stimulated gut hor-
mone glucagon-like peptide-1 (GLP-1) is particularly attractive
as a therapy because it exerts a glucose-dependent
insulinotropic effect, reduces glucagon secretion, slows gas-
tric emptying and exerts a satiety effect. GLP-1 acts on the beta
cell via a G-protein linked receptor to potentiate nutrient-
induced insulin secretion and insulin biosynthesis. Animal and
in vitro studies have suggested that GLP-1 might assist the
preservation of beta cell mass. However, GLP-1 is rapidly
degraded by the enzyme dipepidyl peptidase IV (DPP-4) which
breaks the peptide at the N2 alanine residue. 
To counter the effect of DPP-4, GLP-1 analogues have been
developed with a different N2 residue that confers resistance
to DPP-4. Additional modifications have been introduced to
further extend the biological half-life. The first DPP-4 resistant
GLP-1 analogue in clinical use, exenatide, retains the biologi-
cal effects of GLP-1. As a peptide it is delivered by twice daily
subcutaneous injection, lowering HbA1c without causing signi-
ficant hypoglycemia and usually accompanied by a reduction
in body weight. Longer-acting formulations of GLP-1 analogues
such as liraglutide (GLP-1 linked to albumin via a fatty acid)
are advanced in development. 
As an alternative approach to prevent the rapid degradation of
endogenous GLP-1, several inhibitors of DPP-4 (termed
‘gliptins’) have been developed. These agents reduce HbA1c,
carry low risk of hypoglycemia and do not cause weight gain.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Characterization of human insulin secreting cells derived
from embryonic stem cells

M.J. Dunne1, N.N. Shah1, S.J. Briston1, R.M. Shepherd1, C. Liew2,
H.D. Moore2, P.W. Andrews2 and K.E. Cosgrove1

1Faculty of Life Sciences, University of Manchester, Manchester, UK
and 2Centre for Stem Cell Biology, The University of Sheffield,
Sheffield, UK

Human embryonic stem (ES) cells could serve as a potentially
unlimited, renewable source of cells with which to treat human
diseases. However, as ES cells have an indefinite capacity to self-
renewal and to differentiate into cells of all three germ layers,
any strategy selected to direct lineage must work efficiently
and with a high degree of stability. During ontogeny of the
human endocrine pancreas, several transcription factors are
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known to play key roles in the development of insulin-secret-
ing cells. Of particular interest is the islet-specific transcrip-
tion factor paired box4 - PAX4, which has been shown to be crit-
ical for the establishment of β-cells. We have therefore used
PAX4 over-expression in human ES cells to examine the specific
actions of the transcription factor on β-cell commitment and
functional identity. Our studies have been primarily based upon
the H7 human ES cell line, with human foetal and neonatal
donor tissues as standard controls. Using a pCAG-PAX4 expres-
sion vector, we generated several independent H7.Px4 clonal
cell lines following transfection of the H7 ES cells and selec-
tion with puromycin. A combination of cell biology and molec-
ular techniques (semi- and quantitative RT-PCR analysis,
immunocytochemistry, ELISA and Ca2+ microfluorimetry /
imaging) were then used to demonstrate that the constitutive
expression of PAX4 in human ES cells significantly enhanced
the propensity of these cells to form putative - but not fully
mature, β-cells during embryoid body-induced differentiation.
Key markers of β-cell differentiation and phenotype were found
to be PAX4 sensitive and their expression pattern was consis-
tent with that seen in human foetal pancreatic tissue. In con-
clusion, our experiments have show that constitutive expres-
sion of PAX4 in human ES cells substantially enhances the ability
of these cells to form putative β-cells.

Supported by the Medical Research Council and the Juvenile
Diabetes Research Foundation

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Glucolipotoxicity and beta-cell failure in type 2 diabetes

M. Prentki

University of Monteal, Montreal, QC, Canada

We have investigated the biochemical basis of beta-cell com-
pensation and failure using rodent models of obesity with or
without diabetes. We also wished to study glucolipotoxicity in
vivo and determine whether a progressive fall in beta-cell mass
and/or beta-cell dysfunction contribute to beta-cell failure in
two relatively mild type 2 diabetes (T2D) rodent models.
Islets from the obese, hyperlipidemic and normoglycemic
Zucker fatty (ZF) rat showed enhanced fatty acid oxidation,
lipolysis and fatty acid esterification into complex lipids but
no steatosis despite marked hyperlipidemia. We will present
the novel concept that the observed enhanced triglyceride/free
fatty acid (TG/FFA) cycling in these islets acts as a metabolic
signalling machinery that may play a role in beta-cell compen-
sation promoting simultaneously cell growth, enhanced insulin
release and allowing glucolipodetoxification. 
The first T2D model that was studied is the 60% pancreatec-
tomized ZF rat (ZF-Px; performed under isoflurane anaesthe-
sia). At 3 weeks post surgery, beta-cell mass and proliferation,
proinsulin biosynthesis, pancreatic insulin content, insulin secre-
tion and islet glucose and lipid metabolism were measured.
Lean ZL-Px rats maintained normal glycaemia and glucose-stim-
ulated insulin secretion (GSIS) despite incomplete recovery of

beta-cell mass possibly due to compensatory enhanced islet
glucose metabolism and lipolysis. ZF-Px rats developed mod-
erate hyperglycaemia (14 mM), hypertriglyceridaemia and rel-
ative hypoinsulinaemia. Despite beta-cell mass recovery and
normal arginine-induced insulin secretion, GSIS and pancreatic
insulin content were profoundly lowered in ZF-Px rats. Proin-
sulin biosynthesis was not reduced. Compensatory increases
in islet glucose metabolism in ZF-Px above that of ZF-Sham rats
were not seen. TG content was not increased in ZF-Px islets,
possibly due to lipodetoxification by enhanced lipolysis and
fatty acid oxidation. Fatty acid accumulation into monoacyl-
glycerol and diacylglycerol, but not TG, was increased in ZF-Px
islets. We conclude for this model that falling beta-cell mass,
reduced proinsulin biosynthesis and islet steatosis are not impli-
cated in early beta-cell failure and glucolipotoxicity in ZF-Px
rats. Rather, severe beta-cell dysfunction with a specific reduc-
tion in GSIS and marked depletion of beta-cell insulin stores
with altered lipid partitioning underlie beta-cell failure in this
T2D model.
The second T2D model that was studied is C57Bl/6 mice devel-
oping obesity and mild diabetes when fed with a high fat diet
(HFD) (diet-induced obesity, DIO). Although DIO is perhaps the
most widely studied model of obesity associated T2D, little is
known about the mechanisms responsible for its beta-cell fail-
ure. After 8 weeks of HFD, DIO mice had a glycemia of about 11
mM. First phase glucose-stimulated insulin secretion (GSIS) in
vivo was defective in DIO mice and isolated islets did not
respond to glucose. The defect of insulin release was not due
to a reduction in glucose metabolism, since islet glucose uti-
lization and oxidation were similar as in control mice. Islet fat
oxidation was enhanced and TG/FA cycling was not enhanced
in DIO mice. The islet TG content was similar in both groups,
and beta-cell mass was increased in DIO mice. We conclude for
this second model that altered beta-cell function and glucol-
ipotoxicity in DIO mice is unrelated to a reduction in beta-cell
mass, islet steatosis or changes in beta-cell glucose metabo-
lism. Similarly to ZF-Px rats it is possibly related to enhanced
fat oxidation, that is anticipated to remove lipid signaling mol-
ecules for insulin secretion, and a lack of enhancement in TG/FA
cycling, the later occurring in compensating ZF islets.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.

SA77

Mitochondrial dynamics and Ca2+ signaling

G. Szabadkai

Department of Cell and Developmental Biology, University College
London, London, UK

Mitochondria couple cellular metabolic state with Ca2+ trans-
port processes. They therefore control not only their own intra-
organelle [Ca2+], but they also influence the entire cellular net-
work of cellular Ca2+ signalling, including the endoplasmic
reticulum (ER), the plasma membrane and the nucleus. Through
the detailed study of mitochondrial roles in Ca2+ signalling has
emerged a remarkable picture of inter-organelle communica-
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tion. The talk will give an overview of this picture and focus on
data showing (i) preferential Ca2+ transfer from the ER to the
mitochondrial matrix through a macromolecular complex asso-
ciated with the both mitochondrial and ER membranes (ii) Ca2+

dependent regulation of mitochondrial movements and cellu-
lar distribution through the mitochondrial Rho GTPase Miro.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Mitochondrial regulation of store-operated CRAC channels

A.B. Parekh

Department of Physiology, Anatomy and Genetics, Oxford
University, Oxford, UK

Store-operated Ca2+ channels in the plasma membrane (PM)
are activated by the depletion of Ca2+ from the endoplasmic
reticulum (ER) and constitute a widespread and highly con-
served Ca2+ influx pathway. The best understood store-oper-
ated channel is the CRAC channel, which is essential for immune
cell function. 
After store emptying, the ER Ca2+ sensor STIM1 forms multi-
mers, which then migrate to ER-PM junctions where they acti-
vate the CRAC channel Orai1. Movement of an intracellular pro-
tein to such specialised sites where it gates an ion channel is
without precedence but the fundamental question of how
STIM1 migrates remains unresolved. Here, we will describe
recent results that suggest mitochondria influence trafficking
of STIM1 to ER-PM junctions. When open, Ca2+ entry through
CRAC channels feeds back to inhibit further Ca2+ influx. Through
their ability to buffer cytoplasmic Ca2+, mitochondria reduce
Ca2+-dependent inactivation and thus sustain Ca2+ influx. This
is important for maintaining slow Ca2+-dependent responses
including secretion of paracrine signals and gene expression.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Role of mitochondria in modulating calcium oscillations in
Interstitial Cells of Cajal

G.P. Sergeant, M.A. Hollywood, K.D. Thornbury and
N.G. McHale

Smooth Muscle Research Centre, Dundalk Institute of Technology,
Dundalk, Ireland

Interstitial Cells of Cajal (ICC) are recognised as the pacemaker
cells that are responsible for the generation and co-ordination
of electrical slow waves that underlie the phasic contractile
activity of the gut (Sanders et al., 2006). However, ICC have also
been reported in regions outside the gut, such as the ureters,
urethra and bladder (Klemm et al., 1999; Sergeant et al., 2000
and McCloskey & Gurney, 2002). ICC in the urethra are thought

to act as putative pacemaker cells, which may be involved in
the generation of spontaneous myogenic tone. Freshly dis-
persed ICC from the rabbit urethra display spontaneous tran-
sient inward currents (STICs) under voltage clamp and spon-
taneous transient depolarisations (STDs) under current clamp
(Sergeant et al., 2000). This activity is associated with global
Ca2+ waves (Johnston et al, 2005) and the cellular mechanisms
responsible for their regulation and generation has been partly
elucidated. For example, it was shown that inhibition of ryan-
odine receptors (RyRs) abolished the activity, whereas inhibi-
tion of inositol trisphosphate (IP3) production or IP3 recep-
tors (IP3Rs) reduced the propagation of Ca2+ waves, unmasking
multiple, uncoupled Ca2+ release events. Ca2+ waves were also
found to be dependent on Ca2+ influx, thus removal of extra-
cellular Ca2+ inhibited Ca2+ waves by a mechanism that did not
involve depletion of Ca2+ from stores (Johnston et al., 2005 and
Bradley et al., 2005). Spontaneous Ca2+ waves and STICs in ure-
thral ICC were also found to be inhibited by agents which
decrease mitochondrial Ca2+ uptake, such as FCCP, CCCP,
antimycin A, rotenone and RU360 (Sergeant et al., 2008. Con-
versely, when mitochondrial Ca2+ uptake was enhanced using
the mitochondrial uniporter activator kaempferol, the fre-
quency of Ca2+ oscillations was increased. This effect was inhib-
ited by FCCP, consistent with an action on mitochondria. Appli-
cation of the ATP synthase inhibitor, oligomycin, did not inhibit
Ca2+ oscillations suggesting that the effects of the uptake
inhibitors were not due to an effect on ATP synthesis. There-
fore, the cellular basis of pacemaker activity in urethral ICC is a
complex process depending on Ca2+ release from stores and
Ca2+ influx across the plasma membrane. We propose that these
events are regulated by Ca2+ uptake by mitochondria.

Bradley E, Hollywood MA, McHale NG, Thornbury KD, Sergeant GP.
Pacemaker activity in urethral interstitial cells is not dependent on
capacitative calcium entry. Am J Physiol Cell Physiol. 2005
Sep;289(3):C625-32.
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Vascular smooth muscle mitochondrial Ca2+ signalling and
its role in reloading SR

C. van Breemen1,2, C. Liao1,3 and D. Poburko1,4

1Child and Family Research Institute, University of British Columbia,
Vancouver, BC, Canada, 2Anesthesiology, Pharmacology and
Therapeutics, University of British Columbia, Vancouver, BC,
Canada, 3Smooth muscle reserch group, University of Calgary,
Calgary, AB, Canada and 4Molecular and Cellular Physiology,
Stanford University, Stanford, CA, USA

We investigated the role of mitochondria (MT) in calcium sig-
naling in a culture of rat aortic smooth muscle cells. Mito-
chondrial [Ca2+] ([Ca2+]MT) was measured using MT-targeted
aequorin (1). Purinergic stimulation with ATP, which initiates
a cytoplasmic [Ca2+] transient followed by a plateau, caused
a large, transient increase in [Ca2+]MT . This transient was
blocked by CPA, an inhibitor of the sarco-endoplasmic reticu-
lum Ca2+-ATPase (SERCA), but was not affected by removal of
extra-cellular Ca2+ immediately before the stimulus, indicat-
ing SR Ca2+ release as the source for MT Ca2+ uptake. The MT
uncoupler FCCP abolished the MT response to ATP, while both
the IP3-receptor (IP3R) inhibitor 2-APB and the ryanodine recep-
tor (RyR) blocker procaine induced partial inhibition. Interest-
ingly ATP-mediated [Ca2+]MT transients were synergistically
and almost completely inhibited by combined blockade of IP3R
and RyR indicating functional interaction between IP3R and
RyR and confirming SR Ca2+ release as the source for the MT
Ca2+-transient. Prolonged removal of extracellular Ca2+
decreased the MT response to ATP, and by inference SR Ca2+
content by close to 50% (1) . A role for Ca2+ extrusion by the
Na+/Ca2+ exchanger (NCX) was suggested by the dependence
of SR Ca2+ depletion on extracellular Na+. This confirms the
earlier finding in intact vascular smooth muscle indicating that
forward NCX unloads SR Ca2+. Furthermore, in the cultured
smooth muscle IP3R-associated and RyR-associated SR-ele-
ments could be functionally separated, since procaine, but not
2-APB, blocked Ca2+-release from a sub-compartment of the
SR that was depleted of Ca2+ via forward-mode NCX. We next
investigated whether IP3R and RyR localize to the same or sep-
arate SR fractions and how they relate to MT. Confocal
microscopy and semi-quantitative computation of co-local-
ization of immuno-labeled RyR and IP3R-1 revealed that the
two receptors localize to separate but interlaced reticular lat-
tices (Poburko and van Breemen, unpublished observation). In
addition, we found that co-localization of IP3R-1 and RyR was
1.4-times more likely in SR elements adjacent to MT. Using a
novel computational model to estimate the likelihood of ran-
dom co-localization, we found that the sub-cellular hetero-
geneity of co-localization was more likely due to increased SR
density near MT than to RyR and IP3R associating with com-
mon sites on the MT. Although SR targeted D1ER revealed a
continuous tubular/lamellar membrane network throughout
the cytoplasm, the present finding of localization of IP3R-1 and

RyR to separate SR elements could explain how IP3R and RyR
might differentially influence cytosolic and MT Ca2+-signaling. 
We showed earlier that reverse-mode NCX mediates SR refill-
ing during agonist-induced smooth muscle Ca2+ oscillations
(2). To explore a possible role for MT in this refilling process, we
measured [Ca2+]MT and the sub-plasmalemmal space
([Ca2+]subPM) with targeted aequorins and [Ca2+]i with fura-
2. Substitution of extracellular Na+ with N-methyl-D-glucamine
transiently increased [Ca2+]MT (~2mM) and [Ca2+]subPM
(~1.3mM), followed by a decrease to sustained plateaus. In
contrast, Na+-substitution caused a delayed and tonic increase
in [Ca2+]i (< 100nM). Inhibition of Ca2+-uptake by the SR
(30mM CPA) or MT (2mM FCCP or 2mM ruthenium red)
enhanced the elevation of [Ca2+]subPM, and abolished the
delay in the [Ca2+]i response to 0Na+, while increasing its ampli-
tude (3). Altogether, the above indicates that smooth muscle
MT take up Ca2+ released from the SR and Ca2+ influx via
reverse NCX. However, if the NCX is to function in the physio-
logical refilling of the SR during activation it also has to redi-
rect Ca2+ towards the SR. To investigate this process we directly
measured SR [Ca2+] using the targeted FRET-based indicator
D1ER. Inhibiting the mitochondrial NCX with CGP-37157
impaired SR refilling during purinergic stimulation as did inhi-
bition of the PM-NCX with KB-R7943. Over-expression of hFis1
to remove mitochondria from the sub-plasmalemmal space
inhibited SR refilling to the same extend suggesting that a sub-
population of peripheral mitochondria funnel Ca2+ back into
the SR during maintained smooth muscle stimulation (4). 
We conclude that mitochondrial Ca2+ signalling derives from
Ca2+ uptake from cytoplasmic nanodomains defined by appos-
ing SR and PM, where local [Ca2+] transiently rises well above
global [Ca2+]. Furthermore we propose that subplasmalem-
mal MT ensure efficient SR refilling by cooperating with the
plasmalemmal NCX to funnel Ca2+ into the SR.
Szado T, Kuo KH, Bernard-Helary K, Poburko D, Lee CH, Seow C, Ruegg
UT, van Breemen C. 2003. Agonist-induced mitochondrial calcium tran-
sients in smooth muscle. FASEB J, 17(1):28-37.

Lee CH, Poburko D, Sahota P, Sandhu J, Ruehlmann DO, van Breemen
C. 2001. The mechanism of phenylephrine-mediated [Ca2+]i oscilla-
tions underlying tonic contraction in the rabbit vena cava. J Physiol.
534(3): 641-50

Poburko D, Potter K, van Breemen EAO, Fameli N, Liao CH, Basset O,
Ruegg UT, van Breemen C. 2006. Cell Calcium, 40(4): 359-71

Poburko D, Liao CH, van Breemen C, Demaurex N. 2009. Mitochondr-
ial regulation of sarcoplasmix reticulum Ca2+ content in vascular
smooth muscle cells. Circ Res, 104(1): 104-112
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Mitochondria, IP3 receptors and Ca2+ waves and in colonic
smooth muscle

J. McCarron1, M.L. Olson1, C. Saunter2 and S. Chalmers1

1SIPBS, University of Strathclyde, Glasgow, UK and 2Biophysical
Sciences Institute, Durham University, Durham, UK

The cytosolic Ca2+ concentration controls diverse cellular events
via complex Ca2+ signalling patterns. Interactions between Ca2+

release channels on the sarcoplasmic reticulum (SR), and
between the SR and other organelles such as mitochondria,
establish the characteristics of the Ca2+ signal. Here, in single
voltage-clamped guinea-pig colonic smooth muscle cells, IP3-
generating agonists evoked either repetitive Ca2+ oscillations
or propagated waves. The forward movement of the Ca2+ wave
arose from Ca2+-induced Ca2+ release (CICR) acting at the IP3
receptor (IP3R). IP3-mediated Ca2+ waves are modulated by
mitochondrial activity. Collapsing the mitochondrial membrane
potential (necessary for mitochondrial Ca2+ uptake) inhibited
Ca2+ oscillations and waves suggesting mitochondrial regula-
tion of IP3-mediated Ca2+ release itself. Indeed, preventing
uptake of Ca2+ by mitochondria inhibited IP3-mediated Ca2+

release. Mitochondria may accumulate Ca2+ to maintain a low
local [Ca2+] near the IP3R to prevent a Ca2+-dependent nega-
tive feedback on the receptor and so sustaining IP3-mediated
Ca2+ release. Mitochondria accomplished control of global IP3-
mediated Ca2+ rises by acting on the Ca2+ release events (‘puffs’)
which arise from the activity of a single cluster of IP3R; pre-
venting mitochondrial Ca2+ uptake inhibited ‘puffs’. In this way
mitochondria regulate local and global IP3-mediated Ca2+ rises.
To enable local control of IP3-mediated Ca2+ release, mito-
chondria would be required to be largely immobile and poten-
tially tethered. Indeed, in fully differentiated smooth muscle
cells, mitochondria appear confined so that no displacement
of the organelle was seen, either through trafficking or Brown-
ian motion. Taken together, this data indicates that the posi-
tioning of mitochondria close to IP3R clusters enables their con-
trol of local and global IP3-mediated Ca2+ signals in smooth
muscle.

Supported by the Wellcome Trust and British Heart Foundation.
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Proton Signaling During a Rhythmic Behavior in C. elegans

K. Nehrke1, M.A. Peters3, J. Pfeiffer1, D. Johnson2 and E. Allman3

1Department of Medicine, University of Rochester Medical Center,
Rochester, NY, USA, 2Biochemistry Department, University of
Rochester Medical Center, Rochester, NY, USA and 3Biology
Department, Oberlin University, Oberlin, OH, USA

The rhythmic defecation behavior in the nematode C. elegans
represents a unique opportunity to study acid-base regulation

and its intersection with oscillatory calcium signaling in a
genetic model organism. The defecation period is ~50 seconds
and behavior is initiated by a calcium wave that propagates
through the twenty cells of the nematode intestine1,2,3. We
have shown using a combination of fluorescent biosensors and
dynamic imaging that pH oscillates during defecation, as well4.
These oscillations contribute to the behavioral output and help
to maintain normal growth of the organism.
Between behavioral episodes, the lumen of the intestine rests
~pH 4.1. As the behavior initiates, proton equivalents cross the
apical membrane, causing robust cellular acidification coinci-
dent with luminal alkalinization. We hypothesize that resting
luminal pH facilitates nutrient absorption through proton-cou-
pled processes, and that protons which would otherwise be
lost during expulsion of the luminal contents are instead con-
served during defecation through entry into the cell. In sup-
port of this idea, deletion of VHA-6, an intestine-specific V-
ATPase a subunit, or proton pump, that resides at the apical
membrane, results in starvation and early larval arrest. To study
VHA-6 function during defecation in adult worms we used sin-
gle-generation RNA interference of vha-6. This treatment
reduced vha-6 expression, prevented reacidification of the intes-
tinal lumen following defecation, caused a loss of fat stores,
and prevented absorption of dipeptides through the proton-
dipeptide symporter OPT-2, confirming our hypothesis. An
mCherry-tagged fusion construct was shown to rescue the vha-
6 mutant phenotype, and we are exploring the use of this sys-
tem to study calcium-regulated trafficking and assembly of V-
ATPase subunits as well as a genetic model for treating
acid-peptic disorders.
A second rationale for rhythmic cellular acidification revolves

around a unique method for rapid signaling between adjacent
cells. The first motor step of the digestive program, the poste-
rior body wall muscle contraction (pBoc), occurs without neu-
ronal input. Instead, protons are extruded from the acidified
intestine across the basolateral membrane. These protons act
as fast transmitters to elicit a muscle response. Of particular nov-
elty is the finding that a sodium-proton exchanger, NHX-7 (also
called PBO-4), underlies intestinal proton signaling to muscles4,5;
this is the first example of this well-characterized, widespread,
and evolutionarily conserved class of transporter being involved
in cell communication. NHX-7 activity is precisely timed but the
mechanism underlying its activation is unclear. Our data suggest
that calcium is not only the pacemaker for timing defecation
events, but is also required for triggering NHX-7 activity, and the
cytoplasmic C-terminus of NHX-7 contains multiple consensus
binding and phosphorylation motifs for potential regulation by
calcium. In addition, mutation of a calcineurin homologous pro-
tein (chp-1/pbo-1), a co-factor for sodium-proton exchangers in
mammals, results in a defect in pBoc as well as a starvation phe-
notype. Chp-1/pbo-1 may in fact coordinate the cyclic calcium,
proton signaling, and nutrient uptake through interaction with
multiple worm sodium-proton exchangers in the intestine.
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Acid-sensing ion channels (ASICs): Mechanism of gating by
protons

S. Gründer

Institute of Physiology, RWTH Aachen University, Aachen, Germany

It is textbook knowledge that the extracellular proton con-
centration is maintained constant within a narrow range. It is
now clear, however, that protons perform useful work as an
extracellular transmitter: synaptic vesicles contain protons in
approximately 100-fold higher concentrations (pH 5.5) than
the extracellular space (pH 7.4). Accordingly, protons are
released together with the content of synaptic vesicles and pro-
tons can be viewed as a ubiquitous co-transmitter of most other
neurotransmitters. In addition, an ischemia, for example dur-
ing inflammation, is generally accompanied by an acidosis (pH
7.3 – 6.7). Such an acidosis can elicit or enhance pain. The tran-
sient acidosis accompanying neurotransmission as well as the
persistent acidosis accompanying an ischemia are sensed by
diverse receptor molecules. Among the most sensitive recep-
tors for extracellular protons are the acid-sensing ion chan-
nels (ASICs).

ASICs are broadly expressed in neurons of the central and
the peripheral nervous system. They are activated by a drop in
pH below pH 6.9. Usually, ASICs respond with a desensitizing
current, but modest acidification can also elicit a sustained ASIC
current. In the central nervous system, ASICs probably have a
postsynaptic localization and in the peripheral nervous system
they localize to the sensory endings of nociceptors. Thus, ASICs
are ideally suited to sense fluctuations of the extracellular pH
both during neurotransmission and sensory transduction.
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In my talk, I will introduce into the physiology and pathophys-
iology of ASICs. Moreover, I will present some of our results
addressing the mechanism by which protons activate ASICs.

WorkinmylabisfundedbytheDeutscheForschungsgemeinschaft.
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Protons - a substrate of CLC transporters as gate keepers of
CLC channels

M. Pusch

Istituto di Biofisica, Genoa, Italy

CLC proteins form an evolutionary conserved gene-family that
comprises nine members in mammals, at least four of which are
involved in human genetic diseases. The X-ray structure of the
bacterial CLC homologue, ClC-ec1, confirmed a homodimeric
double-barreled architecture with two separate Cl- ion trans-
port pathways. Four of the mammalian CLC proteins, ClC-1, ClC-
2, ClC-Ka, and ClC-Kb, are Cl- ion channels that fulfill their func-
tional roles in the plasma membrane. The other five CLC proteins
are expressed in intracellular organelles. ClC-4, ClC-5, and prob-
ably also ClC-3, are not Cl- ion channels but exhibit significant
Cl-/H+ antiporter activity (1, 2), similar to the bacterial ClC-
ec1 (3), and with identical 2 Cl- : 1 H+ transport stoichiometry
(4). Cl- and H+ transport activity of the exchanger members of
the family strictly depend on two glutamate residues. Mutat-
ing a ‘gating glutamate’ (E211 in ClC-5) converts the exchanger
into anion conductances. Neutralizing the ‘proton glutamate’
of (E268), but not its replacement by some other titratable
groups, rather abolishes Cl- and H+ transport (5). Noise analy-
sis indicated that ClC-5 switches between silent and transport-
ing states with an apparent unitary conductance of 0.5 pS, indi-
cating a very large transport turnover (5). Nitrate uncoupled
the proton transport but mutating the highly conserved ser-
ine 168 to proline, as found in the plant NO3- / H+ antiporter
atClCa, led to coupled NO3- : H+ exchange (4,5). We further
found that ClC-5 is strongly stimulated by intracellular protons
in an allosteric manner with an apparent pK of ~ 7.2 (4).
Gating of the Torpedo Cl- channel ClC-0 is modulated by intra-
cellular and extracellular pH, but the mechanism responsible
for this regulation has remained so far elusive. Using inside-out
patch clamp measurements we studied the dependence of the
fast gate on pHint and [Cl-]int. Only the closing rate, but not
the opening rate showed a strong dependence on these intra-
cellular factors. Using mutagenesis we excluded several can-
didate residues as mediators of the pHint dependence. We pro-
pose a model in which a proton generated by the dissociation
of an intrapore water molecule protonates E166 leading to chan-
nel opening. Deuterium isotope effects confirm that proton
transfer is rate limiting for gate opening and that channel clo-
sure depends mostly on [OH-] (6). The model is in natural agree-
ment with the finding that only the closing rate constant, but
not the opening rate constant, depends on pHint and [Cl-]int.
CLC proteins are a fascinating example of how a very similar
protein architecture can be used to provide either a passive
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electrodiffusive permeation pathway or a strictly coupled sec-
ondary active ion transporter.
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Monocarboxylate transporters - the cell’s answer to lactic
acid transport

A.P. Halestrap, R.B. Sessions and M.C. Wilson

Biochemistry, University of Bristol, Bristol, UK

In those cells that use glycolysis to generate their ATP under
normoxic conditions (e.g. white skeletal muscle) lactic acid
must leave the cell if the intracellular pH is not to drop. This
applies to all cells under hypoxic / anoxic conditions. Other cells
take up lactic acid for oxidation (e.g. heart, neurons and red
skeletal muscle) or gluconeogenesis (liver and kidney). In all
cases lactic acid must be transported across the plasma mem-
brane and this process is mediated by members of the mono-
carboxylate transporter (MCT) family of which 14 members are
known to be encoded by the mouse and human genomes. Of
these, only four (MCT1, MCT2, MCT3 and MCT4) have been
demonstrated to catalyses proton-linked transport of lactate.
Transport is not energy linked and the direction of net move-
ment of lactate depends on the prevailing lactate and proton
gradients. MCT1 is ubiquitously expressed and has Km values
for L-lactate and pyruvate of about 1 and 4 mM respectively.
MCT4 is the major isoform expressed in those cells such as white
muscle fibres that rely on glycolysis under normoxic conditions
and has Km values for L-lactate and pyruvate of about 25 and
150 mM respectively. The tissue expression of MCT2 (Km val-
ues 1 and 0.1 mM respectively) is highly species dependent but
tends to be found in tissues that require a high affinity uptake
system for lactic acid such as liver, kidney and neurons. MCT3
expression is confined to the retinal pigment epithelium and
choroids plexus but its kinetic characteristics have not been
well-defined (Halestrap & Meredith, 2004; Meredith & Chris-
tian, 2008).

MCTs require a single transmembrane (TM) ancillary glyco-
protein, either basigin or embigin, to be properly expressed at
the plasma membrane. MCT1, MCT3 and MCT4 prefer basigin
whilst MCT2 prefers embigin. These ancillary proteins have an
extracellular domain containing two or three immunoglobu-
lin folds and a short intracellular domain. It is the latter together
with the TM domain that are important for their interaction
with the MCT and site-directed mutagenesis has shown that
the TM domain of basigin interacts with both TM 3 and TM 6
of MCT1. Further site-diretced mutagensis has enabled the iden-
tification of amino acids that are essential for the translocation
cycle of MCT1 and other residues that are involved with sub-
strate and inhibitor binding. This information has been used to
generate a molecular model of MCT1 in both inward and out-
ward conformations and a likely translocation cycle mechanism
that are based on the published structure of the E. Coli glycerol-
3-phosphate transporter (Manoharan et al., 2006 and unpub-
lished data). 
The expression of MCTs is subject to both transcriptional and
post-transcriptional regulation but of particular interest is the
up-regulation of MCT4 by hypoxia through a Hypoxia Inducible
Factor 1α (HIF-1α) mediated increase in gene transcription
(Ullah et al., 2006).  Recently, a novel class of MCT1 specific
inhibitors (Ki values ~ 1nM) have been described that are use-
ful pharmacological tools to study the importance of lactate
transport via MCT1 in different physiological and pathological
scenarios (Murray et al., 2005).
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The Proton-Coupled Folate Transporter (PCFT, SLC46A1) and
Hereditary Folate Malabsorption

E. Selcuk Unal, R. Zhao and I. Goldman

Albert Einstein College of Medicine, New York, NY, USA

Folates are one-carbon donors required for de novo nucleotide
synthesis and methylation reactions. Folate requirements are
met entirely from dietary sources and, and while several trans-
porters were known to mediate transport of folates into sys-
temic tissues, the mechanism of intestinal folate absorption
was only recently clarified. This laboratory identified SLC46A1
as a Proton-Coupled Folate Transporter (PCFT) that mediates
folate transport across the apical (brush border) membrane of
enterocytes in the acidic microclimate at the absorptive sur-
face of the proximal small intestine. The role that PCFT plays
at this epithelium was confirmed by the demonstration that
there are loss-of-function mutations in PCFT in patients with
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the autosomal recessive disorder, hereditary folate malab-
sorption (HFM, OMIM 229050). HFM is characterized by
impaired intestinal folate absorption and impaired transport
of folates into central nervous system, the latter likely due to a
defect in transport across the blood:choroid
plexus:cerebrospinal fluid barrier. PCFT also facilitates export
of folates from acidified endosomes during folate receptor (FR)
- mediated endocytosis. Both proteins co-localize to the endo-
somal compartment. 
PCFT-mediated transport is highly specific for, and among,
folates and antifolates with influx Kts of ~ 0.2 – 2 μM. PCFT does
not transport folate polyglutamates. PCFT-mediated folate
transport in Xenopus oocytes evokes current accompanied by
cellular acidification. A low level of current and acidification is
detected in the absence of folate substrate in the presence of
a high proton gradient suggesting that PCFT can also act as a
proton channel. Folates are also transported by PCFT in the
absence of an inwardly directed proton gradient. 
The “working” PCFT secondary structure model at this point
is a protein with a large intracellular loop separating six trans-
membrane domains (TMDs) on either side. The N- and C- ter-
mini are located in the cytoplasm as established by immuno-
cytochemistry. The extracellular location of the first loop was
confirmed based upon glycosylation ot the two predicted sites
in this region (N58, N68). Studies are exploring PCFT structure-
function informed, in part, by point mutations located within,
or adjacent to, predicted TMDs detected in patients with HFM.
Other studies utilize site-directed mutagenesis to identify func-
tionally important residues with an initial focus on histidine. Of
the 10 His residues, mutation of only two to Ala (H247 and H281
– both conserved) results in functional changes. H247 resides
in the mid-region of the large central intracellular loop. Muta-
tion of H247 to residues of different size, polarity and charge
results in a marked increase in affinity for its folate substrates
and a loss of selectivity. Using a homology model based upon
the GlpT crystal structure, H247 is located in hydrogen bond
distance to S172 in the 2nd intracellular loop, (also fully con-
served), at the cytoplasmic opening of the translocation path-
way. S172A-PCFT has a transport phenotype similar to that of
H247A. When the H247A mutant is expressed in Xenopus
oocytes, the proton slippage observed with wild-type PCFT-
mediated transport in the absence of folate is markedly
increased, especially at high extracellular proton concentra-
tions. These observations suggest that disruption of the H147-
S172 interaction, which may play a “tethering or filtering” role,
results in a shift in the PCFT conformation state(s) that (i)
increases the accessibility of folate substrates to a high-affin-
ity binding pocket, (ii) accounts for the loss of selectivity and
increase in substrate affinity, and (iii) allows folate-independ-
ent proton transport in a channel-like mode. 
The H281A mutation, on the other hand, results in a marked
increase in the folate influx Kt but the carrier remains electro-
genic and acidifies oocytes indicating that this residue is not
required for proton-coupling. When the buffer pH is decreased
below 5.5, there is a fall in the folic acid influx Kt for the H281A-
PCFT with little change in the wild-type PCFT influx Kt. The
homology model places H281 in the 7th TMD at the extracel-
lular opening of the translocation pathway. These observations
suggest that protonation of H281 results in an increased affin-
ity of carrier for its folate substrates that is impaired in the
H281A-PCFT mutant. Enhanced folate binding to the H281A
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mutant, observed with decreasing pH, appears to be due to the
increase in proton concentration required to induce a confor-
mation of the binding pocket that is inherent to wild-type PCFT
at higher pH. Ongoing studies are directed to further confirm
the PCFT secondary structure and to identify residues that play
a role in proton-coupling and substrate selectivity.
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Using a periscope to probe dendritic sensory processing
in vivo

M. Larkum

Dept. of Physiology, University of Bern, Bern, Switzerland

The apical dendrites of pyramidal neurons, the principal corti-
cal neuronal cell type, have non-linear active properties which
can dominate the integrative process and control axonal out-
put. However, their inaccessibility has prevented studies into
how dendritic activity relates to spike output in behaving ani-
mals. Complex dendritic spikes have been observed in vivo in
response to sensory stimuli. On the other hand, inhibition,
which always accompanies sensory stimuli, is also thought to
play an important role in the encoding of dendritic activity.
Understanding how the excitatory and inhibitory mechanisms
specific to the dendrite shape the integrative process is an
extremely challenging task at present.
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Here we present a fiberoptic approach to recording from pop-
ulations of layer 5 pyramidal dendrites that can be easily imple-
mented in anesthetized and freely moving animals. The ani-
mals were prepared under anaesthesia for the placement of the
recording device; this was attached, under anaesthesia, on the
day of the experiment. The first results using this method in
rats show that the strength of sensory stimuli is linearly encoded
across a population of pyramidal cell dendrites. This was true
both in rats anesthetized with isofluorane or urethane and in
the freely moving, awake state. Using various pharmacologi-
cal interventions including localized injections at depths cor-
responding to layer 5, we were able to show that the linearity
of the sensory encoding was dependent on specific inhibitory
microcircuitry. This circuitry involved dendrite-targeting Mar-
tinotti cells in deep cortical layers which were activated via disy-
naptic coupling with neighbouring pyramidal neurons. By
examining the same circuitry in vitro, we showed that the effect
of this loop was very powerful such that even one pyramidal
neuron could evoke enough disynaptic inhibition to block den-
dritic calcium spikes. The mechanism in the intact brain acts as
a form of feedback inhibition controlling the gain and dynamic-
range of the dendritic responses to sensory stimuli.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Pharmacogenetic control of neural circuitry

W. Wisden

Imperial College, London, UK

How do circuits generate behaviour? The first approach to find
out how something works is to lesion it. This strategy has been
successful in neuroscience, whether for looking at genes, cells
or brain regions. Sometimes, the results of lesions are highly
revealing; but lesions do not always produce clear-cut effects.
Permanent knockouts or lesions, even if cell-type- and age-spe-
cific, can allow compensations to develop, so fogging the inter-
pretation(s). To overcome compensations, rapid and reversible
interference is valuable. “Reversible lesionings” of brain regions,
whether by anaesthetics, cooling, or GABAA receptor agonists
have been used in thousands of studies. Reversible studies allow
us to find out not only “where”, but also “when” and for “how
long”. 
To take such analysis further, it would be ideal to reversibly
inhibit or activate individual cell types within a chosen region
on a fast time scale in vivo (Wulff and Wisden, 2005). We could
then examine the animal’s behaviour and model how the activ-
ity of this particular type of cell contributes.  We would need a
receptor, or an activatable switch, that could be placed uniquely
in the neurons whose activity we wish to influence. If we could
have a drug specific enough, a pharmacological approach will
be better than a genetic one because using drug antagonists
is fast and reversible. We would give a chemical or drug which
uniquely binds to this receptor, and only the neurons with the
sensors will be activated or inhibited. Neurons without the
receptor could not respond. This approach is called “pharma-
cogenetics”: the prefix “pharma” because we use drugs; and

“genetics” because we determine the drug’s specificity by using
genes to make the protein sensor in a restricted way, so that
the sensor protein appears only in particular types of cell.  
Although conceptually simple, there have been technical prob-
lems to achieve this pharamacogenetic approach. Neverthe-
less, very good progress has been made. A peptide-receptor
system from Drosophila (allatostatin and its receptor, which
couples to potassium channels) can reversibly silence mam-
malian neurons. The method will have many applications, and
can be used across species; on the other hand, the low tissue
penetration of the allatostatin peptide will make it harder to hit
distributed cell populations in the living animal. The allatostatin
method has been used elegantly to investigate the function of
spinal cord interneurons (Gosgnach et al., 2006).
We and our collaborators invented a pharmacogenetic method
which will provide researchers with a valuable new approach
to investigating brain circuits. By making a point mutation (F77I)
in the GABAA receptor γ2 subunit gene, we engineered mice
that were insensitive to zolpidem (Cope et al., 2004). Usually
zolpidem works at many types of neurons in the brain, alloster-
ically enhancing the actions of γ-aminobutyric acid (GABA) at
a ligand-gated chloride channel – the GABAA receptor. Zolpi-
dem increases peak current amplitude prolongs the decay of
the inhibitory postsynaptic current. In our “zolpidem insensi-
tive mice”, GABA still works normally at its receptor, but the
mice are resistant to the effects of zolpidem. We then used
genetics to reintroduce zolpidem sensitivity back to just one
type of neuron in the mice. This means that when the mice are
given zolpidem (blood injection), instead of many neurons
being affected all over the brain, now just one type of cell is
affected. We can investigate how changing the activity of this
one type of cell influences behaviour. 
We have demonstrated the zolpidem method’s feasibility by
engineering mice so that only cerebellar Purkinje cells were
selectively sensitive to the drug (Wulff et al., 2007). In these
mice a cell-specific swap of GABAA receptor γ2 subunits
occurred, resulting in zolpidem sensitivity restricted to Purk-
inje cells. In these mice zolpidem produced ataxia, whereas no
ataxia occurred in drug-insensitive littermates. We concluded
that by making Purkinje cells uniquely zolpidem-sensitive, so
that we can up-regulate the GABAergic drive selectively onto
these cells, acute modulation produces ataxia – and thus bas-
ket/stellate cell input is continually modulating the Purkinje cell
output. We also made Purkinje cell-specific γ2 knockouts - these
mice are not ataxic; thus from the “static knockout”, we would
conclude that the molecular layer interneuron input onto Purk-
inje cells is dispensable for motor co-ordination, an opposite
conclusion from that reached with the “zolpidem method”.
These two approaches on the same cell type, the static knock-
out of GABAergic input, and the reversible modulation of
GABAergic input, illustrate the desirability of pursuing both
strategies to get a full picture (Wulff et al., 2007). The “zolpi-
dem method” can be applied to a wide range of synapses that
use GABAA receptor inputs.
Gosgnach S et al. (2006). Nature 440, 215-219
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Bottom-up and top-down modulation of early odor
representations imaged in the behaving animal

M. Wachowiak1,2, R.M. Carey2, N. Pìrez1, D.W. Wesson1 and
J.V. Verhagen1

1Biology, Boston University, Boston, MA, USA and 2Biomedical
Engineering, Boston University, Boston, MA, USA

Sensory processing is typically thought to act on representa-
tions of sensory stimuli that are relatively fixed at low levels and
become increasingly complex and subject to modulation at
higher levels in the nervous system. Here I present recent find-
ings from our laboratory demonstrating that odor represen-
tations can be transformed at low levels – as early as the pri-
mary sensory neurons themselves - via a variety of different
mechanisms in the behaving animal. In order to investigate this
question, we have optical imaging with calcium-sensitive dyes
or genetically encoded probes (e.g. synaptopHluorin) to mon-
itor receptor neuron input to the olfactory in awake, head-fixed
rats and mice performing olfactory discrimination tasks. Ani-
mals were headfixed via a skull screw chronically implanted
under anaesthesia. These experiments revealed that odor rep-
resentations at this level are temporally dynamics and tightly
linked to odor sampling behavior (i.e. ‘sniffing’). During low-
frequency sniffing, each inhalation of odorant elicits a burst of
action potentials with a duration of ~100 ms and a relatively
slow mean rise-time of 84 ± 40 (s.d.) ms, suggesting a pro-
gressive increase in ORN activation as odorant flows through
the nasal cavity. These activation patterns are diverse but odor-
ant-specific, with latencies and rise-times remaining uniform
across successive inhalations of the same stimulus. Importantly,
switching to high-frequency sniffing during active odor inves-
tigation can dramatically and rapidly alter the temporal struc-
ture and magnitude of sensory input. During high-frequency
sniffing, the temporal coherence between ORN inputs and the
respiratory cycle is strongly reduced, and overall input magni-
tudes are attenuated. This effect of this change is to shape -
via bottom-up, receptor-driven mechanisms - which features
of the olfactory landscape are emphasized and likely to alter
how information is processed by the olfactory bulb network.
At the same time, neural substrates exist for presynaptically
modulating the strength of sensory input to the bulb as a func-
tion of behavioral state. We have found that increases in atten-
tion elicited by novel olfactory stimuli can modulate the
strength of odor-evoked transmitter release from receptor neu-
rons in awake mice. In vivo pharmacological experiments have
provided evidence that the systems most likely to be involved
in this modulation are cholinergic and serotonergic centrifugal
inputs to the olfactory bulb glomerulus, which likely act by
modulating the strength of GABA-mediated inhibition onto
receptor neuron presynaptic terminals. Together, sniffing
behavior and presynaptic inhibition have the potential to medi-
ate – or at least contribute to – sensory processing phenom-
ena such as figure-ground separation, intensity-invariance, and
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context-dependent and attentional modulation of response
properties. Thus, ‘high-order’ processing can occur even before
sensory neurons transmit information to the brain.

Funded by the National Institutes of Health (NIDCD).
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Ultrasonic neuromodulation: remote excitation of brain
circuits using pulsed ultrasound

W.J. Tyler

SOLS, Arizona State University, Tempe, AZ, USA

Possessing the ability to noninvasively elicit brain circuit activ-
ity yields immense experimental and therapeutic power. The
stimulation of intact brain circuits can be achieved using elec-
trical, magnetic, photonic, and pharmacological methods. How-
ever, many of these approaches require invasive procedures
such as craniotomy and the surgical implantation of a stimula-
tion device, for example, an electrode. The implementation of
ultrasound represents a compelling alternative to current neu-
rostimulation strategies. To determine the feasibility of using
ultrasound to stimulate mouse brain circuits, we first examined
the influence of pulsed ultrasound on neuronal activity in vitro.
In these studies, we determined ultrasound is capable of
remotely and noninvasively exciting neuronal activity in hip-
pocampal slice preparations. Our results illustrate that pulsed
ultrasound can stimulate action potentials in neurons by acti-
vating voltage-gated sodium channels. These ultrasound-medi-
ated changes in neuronal activity were sufficient to trigger the
activation of voltage-gated calcium channels, SNARE-mediated
exocytosis, and synaptic transmission. Ultrasound waves can
be propagated noninvasively through skin, bone, and other tis-
sues in a focused manner. Thus, we next aimed to determine if
ultrasound is capable of functionally stimulating intact brain
circuits. Our observations illustrate pulsed ultrasound is capa-
ble of remotely stimulating intact cortex and descending cor-
ticospinal tracts in a focused manner to produce motor behav-
iors in mice. Collectively, these studies demonstrate pulsed
ultrasound is a powerful tool for the noninvasive stimulation of
intact mammalian brain circuits and promote further research
into the vast potential of ultrasonic neuromodulation.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Sensory processing through single synapses in the granule
cell layer of the cerebellum

T. Margrie

UCL, London, UK

Their electrotonic compactness and small number of excitatory
synaptic inputs make cerebellar granule cells an attractive model
system for examining temporal integration and gain modulation
atsinglesynapses.Recently,invivowhole-cellrecordingsfromthe
smallestofcellsinthebrainarebeginningtoelucidatefundamental
mechanisms of sensory signaling through individual synapses in
these cells. Using vestibular stimulation that is a highly quantifi-
able and intensity–varying stimulus, we have explored informa-
tion transmission through single synapses in ketamine/xylazine-
anaesthetised mice. Our data provide a realistic estimate of the
number of synapses required for accurate stimulus reconstruc-
tion, and have important implications for the organizing princi-
plesunderlyinginformationtransmissionthroughthecerebellum.

This work was supported by The Wellcome Trust and the BBSRC.
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