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Spinal cord injury

Neuroprosthetic device to 
maintain blood pressure
Patrice G. Guyenet

The inability to maintain blood pressure is a debilitating 
consequence of spinal cord injury. This problem has now  
been circumvented, by artificially recreating a reflex  
essential for blood-pressure stability. See p.308

Paralysis and sensory deficits are the most 
obvious consequences of spinal cord injury 
(SCI). But many people also experience ortho-
static hypotension — an inability to maintain 
blood pressure when moving from lying to 
sitting or standing1. In the short term, the con-
dition can prevent normal filling of the heart 
with blood, and can cause light-headedness 
and dizziness. In the long term, recurrent epi-
sodes of orthostatic hypotension increase the 
incidence of heart attack and stroke, which are 
leading causes of death in people who have 
had an SCI. On page 308, Squair et al.2 report 
a neuroprosthetic strategy that minimizes 
orthostatic hypotension caused by SCI. The 
device restores blood-pressure control in 
rodents, monkeys and humans. 

Gravity causes blood to pool in the lower 
part of the body when we sit or stand. Ortho-
static hypotension results mainly from the 
impairment of reflexes that prevent this pool-
ing. The most crucial of these is the baroreflex, 
which is initiated by baroreceptors — neurons 
that sense arterial blood pressure and the 
degree of filling of the large veins and heart 
chambers3. In mammals, these sensors are 
active when the body is at rest. A reduction 
in arterial blood pressure or blood volume 
reduces baroreceptor activity. This, in turn, 
activates the sympathetic branch of the 
autonomic nervous system, restoring blood 
pressure by increasing vascular resistance 
and the flow of blood back to the heart4. SCI 
interrupts the connection between the lower 
brainstem, which receives the information 
from the baroreceptors, and the sympathetic 
neurons that innervate the cardiovascular sys-
tem, which originate from thoracic and upper 
lumbar spinal segments (Fig. 1).

Orthostatic hypotension is typically man-
aged by lifestyle changes (such as using com-
pression bandages on the legs and sleeping 
in a semi-upright position) and drugs such as 
fludrocortisone (a blood-volume expander) or 

midodrine (which activates the receptors that 
normally mediate the effect of the sympathetic 
nerves on the heart and vascular muscles)5,6. 
However, these drugs can have untoward 
effects. Other approaches include electrical 
stimulation of skeletal muscles in the lower 
limbs, which activates the muscle pump and 
aids cardiac filling, and abdominal constric-
tion belts. Both of these strategies have been 
used therapeutically, but their effectiveness 
has not been clearly demonstrated6. 

Could neuroprosthetic devices be a better 
alternative? The principle is to restore func-
tion by electrically stimulating the neural 
pathways that have become unresponsive as 
a result of SCI. Ideally, the stimulation should 
closely approximate the pattern of activity 
that normally controls the targeted function. 
Such an approach has already been used to 
partially restore locomotion in primates7. It 
has also been used to activate the leg muscles 
to improve blood-pressure control in people 
with an SCI8, although the reasons for its 
apparent success in this setting were unclear.

Squair and colleagues set out to develop 
a more precise neuroprosthetic for 
blood-pressure control. Their starting point 
was the development of a rat model of SCI. 
Analysis of neuronal activity in the model 
confirmed that blood pressure and sympa-
thetic responses were unstable in these ani-
mals. Owing to their small size, the rats did not 
experience orthostatic hypotension. However, 
the authors used a negative-pressure chamber 
to reduce air pressure around the lower body; 
this caused blood to pool in the lower body, 
replicating the phenomenon. 

Next, Squair et al. asked where electrical 
stimulation (called targeted epidural spinal 
stimulation, or TESS) should be applied to 
trigger the sympathetic responses that alter 
blood pressure. They systematically stimu-
lated spinal segments in the injured rats, and 
found that the animals’ blood pressure could 
be raised substantially by delivering electri-
cal pulses close to the back side of the lower 
thoracic spinal cord. An impressive series of 
experiments — imaging and anatomical anal-
yses, combined with computational model-
ling and manipulations to activate or inhibit 
neurons involved in the region — revealed that 
TESS elevates blood pressure by activating a 
subset of sensory afferent neurons (which 
transmit signals from the skin, muscles and 
internal organs towards the spinal cord). 
These afferent neurons indirectly excite the 
efferent sympathetic neurons that control the 
splanchnic circulation (the blood vessels of the 
abdominal organs).

The authors’ next, highly original, step 
was to design a biomimetic control device 
that continuously adjusted TESS to prevent 
any blood-pressure drop in the injured rats. 
They then went on to successfully adapt this 
‘prosthetic baroreflex’ concept for rhesus 

Figure 1 | Replicating the baroreflex. The 
baroreflex controls blood pressure in mammals. 
A drop in blood pressure reduces the activity 
(minus symbol) of neurons called baroreceptors, 
ultimately leading to the activation (plus symbol) 
of brainstem neurons that directly innervate and 
activate sympathetic neurons in the spinal cord. But 
spinal cord injury severs this connection, preventing 
the baroreflex from working properly. Squair 
et al.2 designed a neuroprosthetic device that can 
circumvent this problem. If blood pressure falls, the 
device delivers an electrical stimulus called targeted 
epidural spinal stimulation (TESS) to the back side 
of the thoracic spinal cord to activate sympathetic 
neurons (albeit by a different route from that used 
by the natural baroreflex; route not shown). The 
sympathetic neurons send signals to the heart and 
blood vessels to increase cardiac output and vascular 
resistance, thereby restoring normal blood pressure.
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Modern mammals have three tiny bones in 
their middle ear that aid hearing. Oddly, these 
bones evolved from remnants of jaw bones, 
and how they migrated to form the ear has 
fascinated biologists for 200 years1. The mid-
dle ear and lower jaw of mammals today dif-
fer strikingly from those of other vertebrates. 
In addition to the three bones of the middle 
ear (termed the malleus, incus and stapes), 
mammalian ears have an ectotympanic bone, 
from which hangs the tympanic membrane 
(also known as the eardrum) that is needed 
for hearing. But they have just one lower jaw 
bone (the dentary bone). By contrast, other 
vertebrates have only one bone in the middle 
ear (the stapes), but more than eight lower 
jaw bones. 

Nineteenth-century biologists were the first 
to recognize the similarities in development 
between some of these extra elements of the 

lower jaw of non-mammalian vertebrates and 
the middle ear of mammals, and in doing so 
chronicled one of the most fundamental tran-
sitions in mammalian evolution: the transfor-
mation of lower jaw bones to form the middle 
ear. On the basis of new fossil evidence, Wang 
et al.2 (page 279) now crucially revise this  
classic story of mammalian evolution. 

Once the basic similarities in relative posi-
tion and structure (homologies) between 
bones of the lower jaw and middle ear had been 
established, the question of how such a major 
transformation could have occurred baffled 
scientists. One way to gain insight is through 
fossil evidence, which provides the only direct 
evidence that can capture key evolutionary 
moments in deep time. Discoveries of early 
fossil mammals and their closest relatives 
(called mammaliaforms) originally indicated 
a gradual transition as the lower jaw bones 

Palaeontology

Lend an ear to a classic tale 
of mammalian evolution
Simone Hoffmann

Newly discovered fossil evidence has led to a re-evaluation of 
one of the fundamental transitions in mammalian evolution: 
the transformation of bones of the lower jaw into those of 
the middle ear. See p.279

monkeys. This involved systematically testing 
each spinal segment once again, to identify 
the segments that should be targeted by TESS, 
and scaling their neuroprosthetic to match 
the larger anatomy of the monkey. Finally, 
and most remarkably, the group demon-
strated that the prosthetic baroreflex could 
restore blood-pressure stability in a person 
who experienced disabling orthostatic hypo
tension following an SCI.

This bench-to-bedside study is unprec-
edented in many ways, and, as such, raises 
several questions. For instance, the sensory 
afferent neurons that are stimulated by the 
prosthetic device are unidentified, and the 
long-term effects of their stimulation are 
unknown. The spinal circuitry is reconfig-
ured after spinal trauma9, and reflexes are 
exacerbated such that formerly innocuous 
stimuli can trigger episodes of dangerously 
high blood pressure. Time and further ani-
mal experiments will be needed to determine 
whether chronic activation of these afferent 
neurons will mitigate or aggravate hyper-
active reflexes. Indeed, unlike the real baro
reflex, the prosthetic baroreflex is presumably 
much better at preventing bouts of low blood 
pressure than it is at mitigating rises in blood 
pressure. 

In addition, it is possible that the neuro
prosthetic will have adverse effects on 
gastrointestinal and kidney functions, which 
are regulated by lower thoracic sympathetic 
neurons. Finally, an invasive procedure is 
required for the placement of an epidural elec-
trode in the spine, and its long-term efficacy 
is unknown.

Nonetheless, this latest attempt to treat 
the disabling hypotension that follows SCI is 
grounded in a large body of preclinical neu-
roscientific evidence. It is the most sophisti-
cated strategy developed so far. The approach 
could conceivably replace currently available 
treatments — although it is much too early to 
say this for sure.
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Figure 1 | Vilevolodon diplomylos. Wang et al.2 report a newly discovered specimen of this species that is 
160 million years old. Tiny bones of the middle ear preserved in this fossil provide information that offers a 
fresh perspective on mammalian evolution. Scale bar, 2 centimetres. 
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