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Chapter 1.1

Peripheral Nervous System

Ken Horch

KWH Consulting, LLC
PO Box 20498, Fountain Hills, AZ 85269
KWHCarizona@gmail.com

This chapter provides an overview of the basic structure and physiology of
peripheral sensory and motor nerves.

1. Introduction

All you know about the external world, and all you can do about it, depends on
your peripheral nervous system and cranial nerves, the latter a rostral extension of
the former. In this chapter we provide an overview focused on the structure of
peripheral nerves responsible for cutaneous and proprioceptive sensation and for
voluntary muscle control.

2. Structural Organization

The peripheral nervous system (PNS) consists of two major divisions, autonomic
and somatic. The autonomic system consists of a preganglionic component (with
nerve cells originating in the spinal column or skull) and a postganglionic
component (with nerve cells lying wholly outside the axial skeleton). The somatic
system consists of nerve cells with cell bodies located within or near the spinal
column or skull. The autonomic system is largely concerned with functions not
normally under voluntary control, while the somatic system is concerned with
sensory inputs that can be perceived and with voluntary control of skeletal muscles.

The voluntary nervous system is divided on anatomical and functional grounds
into sensory and motor components. Except for the cranial nerves, the sensory
system consists structurally of nerve cells with somata located outside the spinal
cord in aggregates called dorsal root ganglia. These cells have no dendrites, but
instead possess a single process that bifurcates upon leaving the ganglion, one
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process travelling centrally through dorsal roots to enter the dorsal part of the
spinal cord and the other process travelling distally through peripheral nerves to
innervate or form distal sense organs. These nerve processes are called afferent
nerve fibers because they conduct action potentials and, hence, information from
the periphery to the central nervous system.

The sensory elements can be divided, following the example of Gray [7], into
the "special” senses of audition and vestibulation, smell, taste, and vision, and the
"general" senses which include just about everything else that gives rise to
conscious sensation. The “general” senses fall into two major domains:
somatosensory and proprioceptive. One can think of the somatosensory or
exteroceptive system as providing information about the state of the external
environment as it interacts with the body, and of the proprioceptive system as
providing information about the orientation of the body in space. This reduces to
a consideration principally of cutaneous receptors and muscle/joint receptors.

The motor system consists structurally of nerve cells with somata located in the
ventral quadrant (horn) of the spinal cord. These cells have dendrites ramifying
through the ventral portions of the spinal cord, and single axons that leave the
spinal cord through the ventral roots and join with the sensory fibers to form the
peripheral nerves and eventually innervate skeletal muscle fibers. These nerve
process are called efferent nerve fibers because they conduct action potentials and,
hence, information from the central nervous system to the periphery.

Active movement of joints is produced by contraction of extrafusal muscle
fibers. A single motor neuron will typically innervate several muscle fibers in a
given muscle. Since there is normally a one-to-one relationship between an action
potential on a motor neuron and an action potential in the post synaptic muscle
fiber, the axon and all its innervated muscle fibers is called a motor unit. Under
normal conditions, only a single nerve fiber innervates a given muscle fiber,
although multiple innervation can occur transiently in response to partial
denervation of muscle. The electrical properties of muscle fiber membrane makes
it difficult to active these fibers by externally applied currents. Thus, except in the
case of totally denervated muscle, electrical stimulation of muscle by externally
applied current normally consists of activation of the terminals of motor neurons
that in turn activate the muscle.

Within the spinal cord, afferent process make local synapses and may terminate
within a few segments of their entry point or they may travel directly, via the dorsal
columns, to the medulla of the brainstem. On the efferent side, the dendrites of
motor neurons receive input from local circuits, including feedback from sensors
in the skin and muscle, and input from descending pathways originating in the
brain.
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3. Peripheral Nerves

Peripheral nerves consist of the axons of autonomic, dorsal root ganglion and
ventral horn neurons, their associated ensheathing Schwann cells and basement
membrane embedded in a collagen matrix called the endoneurium (Fig. 1).
Collections of nerve fibers are segregated by a cellular perineurium, which, along
with the capillary endothelium, also acts as a blood-PNS barrier [20]. The
perineurial encapsulated structure is called a fascicle. Fascicles are bound together
by a collagenous epineurium, which defines the nerve as a distinct anatomical
entity and is its primary provider of strength. Within their fascicles, nerve fibers
follow an undulating course. This is manifest in the appearance of the Bands of
Fontana, seen as alternating light and dark bands under proper illumination of the
nerve. Within a given fascicle, the fibers undulate in phase. Shifts in the phase of
the appearance of the light and dark bands can be used intraoperatively as an
indicator of different fascicles. The undulations allow a certain amount of stretch
to occur in the nerve without damage to the delicate axons. Once the nerve fibers
straighten out and the Bands of Fontana disappear, further stretch of the nerve will
result in damage to the axons [22].

The best sources of information about the general anatomy and mechanical
properties of peripheral nerves are found in the clinical nerve repair literature, such
as the classic tomes by Sunderland [22] and Mackinnon and Dellon [12] as well as
more specialized review articles such as the one on mechanical properties by Topp
and Boyd [23].

3.1. Nerve fibers

Nerve fibers are grouped together into fascicles not on the basis of their function,
but on the basis of their destination. That is, fascicles provide a topographic
organization to peripheral nerves. As one moves proximally, fascicles tend to fuse,
but the topographic segregation of fibers may continue quite some distance
proximally within the fused fascicle [9, 21, 27]. There is also evidence that within
the somatotopic organization peripheral nerve fibers may be segregated by
functional modality [4, 10]. Proximal to the cervical or lumbar plexi, the distal
topographic organization is replaced by a spinal segment organization. Therefore,
in order to obtain receptor specific information, one cannot rely on whole nerve or
whole dorsal rootlet recording methods [2, 6, 25].
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Fig. 1. Drawing of a peripheral nerve (N) with associated arterial (A) and venous (V) blood vessels.
Shown as extending from the nerve epineurium are two fascicles (F) ensheathed in perineurium.
Shown as extending from the endoneurium of the fascicles are a myelinated axon (M) and a bundle
of unmyelinated axons encased in a single Schwann cell (U). (Adapted from Mackinnon and Dellon

[12).

In addition to the classification of nerve fibers based on their origin and overall
function (autonomic, sensory or motor), nerve fibers are also classified on the basis
of the type of structure they innervate, the presence or absence of myelin, and their
size. Although the conduction velocity of action potentials increases with axon
size, vertebrates (unlike their invertebrate cousins such as cephalopods and
annelids) utilize a second mechanism to further increase conduction velocity in
large axons: myelination [28]. In these axons, the Schwann cells, rather than
simply enveloping a collection of nerve fiber axons as is the case with
unmyelinated fibers, form a one-to-one association with a particular axon, with a
different Schwann cell every 0.5 mm or so. These Schwann cells form elaborations
of their cell membranes which wrap around the axon, leaving only a small gap
between Schwann cells where the nerve membrane is directly exposed to the
extracellular milieu (Fig. 2). This results in saltatory conduction: action potentials
jump from one node of Ranvier to the next, rather that progress continuously along
the membrane as is the case in unmyelinated fibers. This results in a significant
increase in conduction velocity without a concomitantly large increase in axon
diameter, saving space in the nerve and metabolic requirements in the parent soma.
In addition, myelinated axons tend to have briefer action potentials than



Peripheral Nervous System 7

unmyelinated nerve fibers, allowing them to support higher firing rates than the
latter.

Fig. 2. Drawing of a myelinated nerve fiber axon (A) at the level of a node of Ranvier (N), where the
myelin sheath (M) produced by the enveloping Schwann cell (S) terminates leaving a small gap
before the next sheath begins. (Adapted from [Mackinnon and Dellon [12]).

In general, myelinated axons are used for tasks where speed (such as control of
skeletal muscle contraction or signaling of temporally rapid and brief events) is
required or where fine tactile or proprioceptive discriminations are to be made. The
latter stems from the fact that the higher the signaling rate, the higher the
information transfer rate. Unmyelinated fibers tend to be associated with control
of smooth muscle or signaling diffuse, temporally sluggish events such as pain and
temperature. The biophysics of nerve fibers and the electrical insulating properties
of the perineurium are such that electrical currents applied outside the perineurium
tend to excite large, myelinated fibers first [15, 26]. As the current is increased,
successively smaller fibers are recruited. Activation of unmeylinated nerve fibers
may require currents strong enough to block the large myelinated fibers.
Intrafascicular nerve stimulation tends to recruit fibers based on size and distance
from the electrode [8, 16].

A summary of the terminology used to anatomically classify nerve fibers
appears below (see [13]).

e Cutaneous nerves

— Large myelinated sensory neurons Aap
—  Small myelinated sensory neurons Ad
— Autonomic neurons B

— Unmyelinated sensory neurons C
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e  Muscle nerves
Large myelinated sensory neurons

(in order of decreasing size) Ia, Ib and II
— Small myelinated sensory neurons I
— Unmyelinated sensory neurons v
— Large myelinated motor neurons o
— Intermediate myelinated motor neurons B
— Small myelinated motor neurons Y

3.2. Electrical properties

The electrical properties of peripheral nerve fibers and their surrounding milieu are
well known [14, 17 - 19] and have served as the basis for increasingly sophisticated
models of stimulation and recording methods as described elsewhere in this
volume. For neuroprosthetic purposes it is critical that the methodology can
selectively record from and/or stimulate peripheral nerve fibers on a chronic basis.
This is where the perineurium plays a critical role.

In addition to its other functions, the perineurium acts as a high resistance
barrier between the endoneurial contents of a nerve and its external environment
[24, 29]. This has two major implications. From a recording perspective, that
means the extracellular current flow associated with action potential production
and conduction is largely confined to the interior of the fascicle. Thus, for moderate
and large size fascicles, it is not possible to chronically record individual unit
action potentials with extra-fascicular electrodes. On the other hand this
confinement of current flow and the anisotropic properties of the endoneurium
make it possible to do so with intra-fascicular electrodes [5, 6].

For stimulation, the perineurial barrier, in addition to keeping much of the
current flow from externally placed electrodes outside the fascicle, tends to flatten
the field curvature, thereby limiting the size-distance recruiting effects seen with
punctate stimulation [8]. As a result in fibers are activated on the basis of size
(large fibers first) and not location within the fascicle. Various techniques have
been developed to provide size [1, 11] and location [8, 30 - 33] selectivity with
extrafascicular stimulation, but these methods don’t come close to the kind of
selectivity seen with intrafascicular stimulation [3, 16, 34].



Peripheral Nervous System 9

4. Summary

The peripheral nervous system consists of centrally located neuronal cell bodies
and distally located sensors and effectors, linked by transmission lines called axons
bundled together in fascicles, collections of which make up the peripheral nerves.
Mechanoreceptors provide information about skin deformation, hair displacement,
joint movement, tendon tension, and muscle length. Thermoreceptors provide
information about skin or muscle temperature. Threatening or damaging chemical,
mechanical and thermal events evoke activity in nociceptors, which gives rise to
the sensation of pain. Skeletal muscle produces force by contraction of extrafusal
muscle fibers.

Peripheral nerves consist of collections of afferent and efferent nerve fibers.
Large nerve fibers are myelinated, have low thresholds for electrical excitation,
conduct action potentials rapidly, constitute the dominant component contributing
to normal tactile sensations, and control contraction of both intrafusal and
extrafusal muscle fibers. Unmyelinated sensory fibers are small, have high
thresholds for electrical activation, conduct action potentials slowly, and mainly
subserve temperature and pain sensations.

Peripheral nerves tend to be organized somatotopically, both in terms of where
the nerves go and in terms of how the nerve fibers within a nerve are segregated.
Because of their accessibility, peripheral nerves are common targets for functional
neuromuscular stimulation intervention. However, they are elastic, mobile
structures that tend to react adversely to constraint or constriction, providing
numerous technological challenges to neuroprostheticists.
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The Autonomic Nervous System
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This chapter provides an overview of the anatomy and function of the sympathetic
and parasympathetic nervous system, with an emphasis on development of next-
generation neuromodulation devices.

1. Introduction

The autonomic nervous system (ANS) is also known as the vegetative or
involuntary nervous system because it functions largely without conscious,
voluntary control. The ANS innervates cardiac muscle, smooth muscle and various
endocrine and exocrine glands, and therefore influences the activities of most
tissues and organ systems in the body. The ANS regulates myriad bodily processes
including blood pressure, body temperature, digestion, inflammatory response,
visual focus and contraction of the urinary bladder. Seminal studies by Claude
Bernard and Walter Canon have elucidated the pivotal role of the ANS in keeping
the amounts of fluid/ionic concentrations and energy stores in the body remarkably
stable despite highly irregular rates of intake [3-7]. The ANS must work in concert
with and modulate endocrine systems such as the renin-angiotensin-aldosterone
system to regulate blood pressure and maintain normal homeostatic equilibrium in
response to external perturbations.

Any discussion of the ANS as it pertains to the development of
neuromodulation devices must begin with one caveat, namely, we have limited

12
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understanding of the functional anatomy of the human ANS. Our historical
understanding of the human ANS is predicated upon extensive animal studies that
have been supplemented with much more limited human work and post-mortem
anatomical assessment. Animal studies are advantageous because they enable
invasive procedures and measurement techniques to probe mechanisms of action
that are technically and ethically problematic to conduct in a human study of any
size. For example, techniques to evaluate functional anatomy in animal studies
include chronic implantation of high-density electrodes to stimulate and record
from multiple points on the neural axis, dialysis techniques to measure changes in
neurochemical and other biomolecules, pharmacological and optogenetic
techniques to manipulate specific neural pathways with high precision, post-
mortem neuronal tracing to visualize the full extent of neural pathways to and from
targets, and cell-type specific histological stains. These techniques present
additional risks to the patient and/or require specialized and complex
perfusion/fixation procedures performed immediately after death that would not
be possible to perform outside of the highly controlled environment of an animal
research laboratory.

Although much of our current knowledge of human neuroanatomy was derived
from animal studies, these studies do not capture a number of key factors that are
relevant to human therapies. First and perhaps foremost, modern animals are the
result of a different evolutionary path; even non-human primates have numerous
anatomical and functional differences with respect to humans. Second, animal
models are often obtained from the same genetic line, and therefore do not
represent the genetic diversity of the human population. Third, animal studies
typically utilize disease models that are induced instead of naturally occurring, and
represent only a fraction of the myriad possible root causes underlying complex
disorders such as human hypertension. Moreover, these animal models may
recapitulate the features of a disease or disorder relevant to the intended therapeutic
effect of the neuromodulation device, but often do not incorporate side effects that
limit the therapeutic intervention.

The reliance on animal research to elucidate the functional anatomy of the
human ANS is particularly problematic for the study of implantable and non-
invasive neuromodulation devices designed to electrically activate nerves of the
ANS for therapeutic effect. As discussed elsewhere, activation thresholds for target
nerves of interest are profoundly impacted by several factors that do not scale
linearly or predictably from animals to humans. Some factors are a function of the
nerves themselves, including fiber and fascicle size, degree of myelination, and the
distance and orientation of those nerves with respect to the stimulating electrode.
Still, other factors are related to the stimulating electrode design, including
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electrode size, distance between cathode and anode, electrode configuration, and
geometry of insulation used to direct current from the stimulating electrode to the
target nerve. For example, the activation thresholds of 8 fibers from cuff electrodes
placed on the epineurium of the vagus nerve in rodents have been estimated to be
1/25th of the activation thresholds of B fibers from an epineural cuff on the vagus
nerve in humans [11]. These factors of scale are not just relevant to nerves targeted
for therapeutic effect, but are a key for determining therapy-limiting side effects
caused by unintended activation of nearby neural circuitry.

A final and critical factor limiting the translatability of animal functional studies
of neuromodulation therapies to human patients is that neuromodulation devices
are often indicated as adjunct therapies to existing pharmacological treatments. As
an example, animal studies of hypertension therapies such as carotid sinus nerve
stimulation, baroreceptor stimulation, or renal denervation have typically been
conducted in normotensive or obese-hypertension models without additional
pharmacological therapies. By comparison, the average patient in the CVRx
Rheos™ study, a large clinical trial evaluating the safety and efficacy of a
neuromodulation device that activate the carotid baroreceptors to treat
hypertension, received an average of 5.2 hypertension medications [1]. Most of
these drugs were orally administered and worked directly or indirectly activating
or blocking channels/receptors that modulate portions of the ANS that regulate
points on the cardio/renal axis [1]. The impact of utilizing an electrical stimulation
device to modulate the function of a neural circuit in conjunction with multiple
drug therapies acting on the same circuitry is largely unknown.

In contrast to animal studies, the tools to study human neuroanatomy in clinical
research are largely restricted to non-invasive imaging and sensing techniques with
lower spatial and temporal resolution, as well as measurements of surrogate
biomarkers of effect. Consequently, the physiological effects of a neuromodulation
device in humans are often assessed by lower resolution, noisy, and often
subjective observational measurements of effect. Even human studies that take
advantage of short-term access provided during ongoing surgical procedures often
rely on older generation research tools in comparison to animal research.
Unfortunately, these tools have a costly bar for regulatory approval yet a small
potential market, hampering investment into translating latest-generation research
tools from animal studies to human research. Although some higher-resolution
moderately invasive tools for human research do exist, they are typically used in
single or small case studies to confirm animal findings, but are problematic to use
in larger clinical studies requiring appropriate statistical power. Post-mortem
analysis techniques are limited to methods that do not require active transport;
many more advanced histological staining and immunohistochemistry techniques
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have not been developed for or routinely implemented in human studies. As a
result, the majority of what is known about the innervation of end-organs in
humans was obtained by simple anatomical hand-tracing from cadaveric studies
during the early and mid-1900s [13-17].

Despite our limited functional knowledge of the human ANS, implantable
neuromodulation devices designed to electrically activate neural targets have
demonstrated compelling clinical efficacy to treat a variety of conditions such as
epilepsy, depression, incontinence, hypertension, and obesity, which were
refractory to or untreatable by conventional drug therapies. However, incomplete
understanding of the mechanisms of action in human patients has also contributed
to several recent high-profile failures in large scale clinical trials of ANS device
therapies. As discussed later in this chapter, the underlying technology even for
successful therapies has remained mostly stagnant for decades, as it is difficult to
improve a therapy in a regulated environment that was predicated on
phenomenology instead of a detailed scientific understanding of the biology.

Given the enormous scope of functions governed by the autonomic nervous
system a full review of what is known and not known about the functional anatomy
of the ANS could take several books. For a more detailed introduction to the ANS,
the authors of this chapter refer the reader to the excellent ‘Primer on the
Autonomic Nervous System, 3rd Edition’ [18]. The remainder of this chapter will
provide an overview of the functional anatomy of the ANS, in order to provide the
foundation for a discussion of recent developments in the clinical and commercial
landscape for ANS neuromodulation devices.

2. Functional Anatomy of the Human Autonomic Nervous System (adapted
from [16, 19])

Dysfunction of the ANS has been implicated in many disease conditions such as
heart failure, hypertension, chronic kidney disease, and chronic fatigue syndrome
[20]. There are many possible root causes of ANS dysfunction including diabetes,
Parkinson’s disease, or simple aging [21]. As ANS dysfunction manifests through
abnormal neural activity, which in turn drives deleterious abnormal function in
specific organs or tissues, neuromodulation therapies are predicated on using
electrical stimulation to drive such aberrant neural activity towards a normal
healthy state. Consequently a detailed understanding of the functional anatomy of
the ANS as it pertains to control of end-organs and effector tissues is critical for
the design of ANS neuromodulation devices.



16 K. Ludwig et al.

2.1. ANS regulation of function

ANS efferent nervous activity is primarily regulated by autonomic reflexes.
Sensory inputs are transmitted via afferent nerves to control centers in the brain,
including the brainstem and hypothalamus, where this information is processed
and integrated with information from other afferents and higher neural centers.
Responses from these neural centers are then carried out through efferent nerve
signals that modify the activity of preganglionic autonomic neurons. The majority
of sensory information transmitted to the brainstem from the abdominal or thoracic
viscera travels through afferent fibers of the vagus nerve, also known as cranial
nerve X. In addition to the vagus nerve, numerous other cranial nerves send
sensory input to the brainstem and hypothalamus. An example of an autonomic
reflex is the baroreceptor reflex, which responds to changes in vessel stretch and
rate of stretch caused by fluctuations in blood pressure to maintain homeostatic
equilibrium. Baroreceptors are stretch receptors in diverse locations such as the
adventitial-medial border of the aorta and the internal carotid artery that sense
distortion of vessel walls resulting from changes in pressure. Signals from the
carotid baroreceptors are sent through the glossopharyngeal nerve (cranial nerve
IX) to the control center in the brain via the nucleus of the solitary tract, whereas
signals from the aortic baroreceptors travel to the brain through the vagus nerve.
(Carotid afferents synapse in the petrosal ganglion whereas aortic/vagal
baroreceptor afferents synapse in the nodose ganglion.) Increases in blood pressure
cause the walls of these vessels to stretch, increasing baroreceptor activity. If blood
pressure decreases, the signal to the brain from the baroreceptors diminishes, and
the brain in turn sends an efferent signal to the heart and blood vessels to increase
heart rate and vascular resistance to restore blood pressure to normal.

Neural control centers in the brainstem and hypothalamus can also be
modulated by activity associated with emotional responses in higher brain areas
such as the cerebral cortex and limbic system. For example, when embarrassed,
increases in heart rate, blood flow to the face (blushing), and nervous sweating are
mediated by the ANS through hypothalamic-brainstem pathways. Some
autonomic reflexes, such as the micturition and defecation reflex, can occur
entirely at the level of the spinal cord without input from the brain. However, these
reflexes can also sometimes be influenced by input from higher brain areas.

2.2. ANS efferent pathways

Impulses from the central nervous system (CNS) are transmitted to effector tissue
through an ANS efferent pathway consisting of two neurons. These two neurons
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connect to each other via synapses at a cluster of nerve cells outside of the CNS
called ganglia, and are therefore called ‘preganglionic’ and ‘postganglionic’
neurons. Ganglia are not merely passive relay stations, but can also integrate and
process activity from multiple neural inputs. The preglanglionic neuron originates
in the CNS, with its cell body located in the brainstem, or in the lateral horn of the
gray matter in the spinal cord. (In contrast to ANS efferents, ANS afferents have
their cell bodies outside of the CNS.) The axon of the preganglionic neuron travels
to an autonomic ganglion located outside the central nervous system where it
synapses with a post-ganglionic neuron. The post ganglionic neuron then
innervates the effector tissue. At visceral organs such as the heart, ANS efferents
and afferents form a branching network of intersecting nerves called a plexus.

Autonomic postganglionic neurons do not form synapses with effector tissue in
the same manner as neuron-to-neuron synapses. When axons of postganglionic
neurons enter a tissue they contain multiple swellings known as varicosities.
Varicosities release neurotransmitters over a large portion of the length of the axon,
which diffuse over a large area of effector tissue. Consequently neurotransmitter
release driven by post-ganglionic discharges can alter the activity of a large portion
of the entire tissue. This latter point is the fundamental basis of the emerging field
of ‘electroceuticals’ or ‘bioelectronic medicines’ [22, 23]. Electroceuticals utilize
electrical stimulation at a single point in a connected neural circuit to drive the
downstream activity of post-ganglionic neurons at a specific effector tissue, and
therefore control delivery of endogenous neurotransmitters to the target tissue. The
goal for electroceuticals is to use the body’s intrinsic wiring to instruct the delivery
of endogenous biomolecules only to the target effector of interest in order
maximize effect and minimize unwanted side effects in contrast to systemic
delivery of an exogenous or manufactured drug that elicits a similar effect but with
less precision

2.3. ANS — major divisions

The ANS has two anatomically and functionally distinct divisions: the sympathetic
nervous system (SNS) and the parasympathetic nervous system (PSNS). The SNS
controls ‘fight or flight” responses to prepare the body for strenuous physical
activity, whereas the PSNS controls “rest and digest” basic bodily functions. Both
the SNS and the PSNS are tonically active, meaning they provide some degree of
neural signal to a tissue at all times. This is important for regulating a tissue’s
function with high precision as the signal can be either increased or decreased, and
therefore effector tissue activity may be enhanced or inhibited.
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Most organs receive innervation from both the SNS and the PSNS, with one
system typically being excitatory and the other inhibitory. The PSNS in general
regulates visceral organs of the head and body cavities. The SNS regulates the
same visceral organs as the PSNS, and in addition regulates visceral structures in
the body wall and extremities including blood vessels and sweat glands. With the
exception of sexual activity, when both SNS and PSNS are active simultaneously,
increased activity in one system in general coincides with reduced activity of the
other system.

2.3.1. Sympathetic nervous system

SNS preganglionic neurons branch from the thoracic and lumbar regions of the
spinal cord (segments T1 through L2, Figure 1). SNS preganglionic axons are
typically short, as they synapse within sympathetic ganglion chains that run
immediately parallel to either side of the spinal cord. Ganglion chains consist of
22 ganglia. Preganglionic neurons leave the spinal cord and synapse with a post-
ganglionic neuron at the same spinal cord level, or they may travel rostrally or
caudally in the ganglion chain to synapse in ganglia at other levels. A single
preganglionic neuron may synapse with several postganglionic neurons in many
different ganglia, an example of divergence. Long postganglionic neurons extend
from this synapse in the ganglion chain to terminate on effector tissues at a
distance. The ratio of preganglionic to post-ganglionic fibers is about 1:20. As a
result, excitation by a single preganglionic neuron can coordinate sympathetic
activation of multiple tissues.

Some SNS preganglionic neurons do not synapse at the ganglion chains
immediately to either side of the spinal cord, but instead pass through these chains
and travel more peripherally to synapses with post-ganglionic neurons located in
one of the sympathetic collateral ganglia. These ganglia are typically found
halfway between the CNS and the effector tissue. Still other preganglionic neurons
synapse directly with the adrenal medulla at the superior poles of the kidney
instead of in sympathetic ganglion chains near the cord or at the collateral ganglia.
More recently, descending inputs from motor cortex to the kidney have also been
discovered [24]. Cells of the adrenal medulla behave similarly to post-ganglionic
neurons, but instead of releasing neurotransmitters, they release other secretory
products into the blood stream, which transports these products to sympathetic
effector tissues throughout the body.
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Fig. 1. Anatomy of the Sympathetic Nervous System. Adapted from [2]. (Note that although [10]
states SNS preganglionic neurons branch from T1-L2, this figure shows T1-L3, underscoring that
sources may conflict.)

In contrast to the parasympathetic system, post-ganglionic neurons of the
sympathetic system travel within each of the 31 pairs of spinal nerves. Eight
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percent of the fibers comprising a spinal nerve are sympathetic, allowing for
distribution of these fibers to peripheral blood vessels and sweat glands.
Consequently, the majority of blood vessels in the body only receive input from
sympathetic nerve fibers, and are therefore regulated by the SNS alone. The SNS
also innervates structures of the head, the thoracic viscera, and the viscera of the
abdominal and pelvic cavities (Figure 1).

2.3.2. Parasympathetic nervous system

Preganglionic neurons from the parasympathetic system originate from several
nuclei of the brainstem and from segments S2 to S4 of the sacral region of the
spinal cord (Figure 2). In comparison to SNS preganglionic axons, preganglionic
PSNS axons are quite long, synapsing within terminal ganglia that are close to or
embedded within the effector tissues. Consequently the axons of post-ganglionic
PSNS neurons that provide input into effector tissue are quite short.

PSNS preganglionic neurons that originate in the brainstem leave the CNS as
part of the cranial nerves. The oculomotor nerve innervates the eyes (cranial verve
III); the facial nerve innervates the lacrimal gland, the salivary glands, and the
mucus membranes of the nasal cavity (cranial verve VII); the glossopharyngeal
nerve innervates the salivary gland (cranial nerve IX); and the vagus nerve (cranial
nerve X) innervates the viscera of the thorax and abdomen (i.e., the spleen,
stomach, pancreas, intestines, heart, and lungs). Approximately 75 percent of all
parasympathetic fibers are in the vagus nerve, which terminate at widespread
locations throughout the body. PSNS preganglionic nerves that originate at the
sacral region of the spinal cord innervate the viscera of the pelvic cavity, leaving
the CNS to form the pelvic nerves. The pelvic nerves innervate the lower half of
the large intestine and organs of the renal and reproductive system.

In comparison to the SNS, there is little divergence in the PSNS, and in many
organs, the ratio of preganglionic to post-ganglionic fibers is 1:1. Consequently,
responses governed by the PSNS are more localized in comparison to widely
distributed autonomic reflex responses governed by the SNS such as the ‘fight or
flight’ response.
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Fig. 2. Anatomy of the Parasympathetic Nervous System. Adapted from [2]

2.4. ANS neurotransmitters and receptors

The effects of ANS activity on effector tissue is determined by the neurotransmitter
released by the post-ganglionic neuron and the type of receptor embedded in the
post-synaptic cell membrane of the targeted effector tissue (Table 1). Consequently
many ANS drugs create their therapeutic effect by directly binding to receptors to
enhance or block the actions of these neurotransmitters, or by increasing the
conversion of endogenous biomolecules and hormonal factors into forms that act
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on these receptors. For example administration of a “beta blocker” - a common
treatment for hypertension and heart failure - would limit the excitatory effects of
noradrenaline on [ receptors located in the heart, thereby decreasing the force of

the contraction of the heart and heart rate.

Table 1. Actions of the Sympathetic and Parasympathetic Nervous System.

. P theti .
Effector tissue arasympathetic Sympathetic effect

effect

Heart: Rate Reduction Increases

. Reducti iall

Heart: Force of Contraction eduction (f?spema Y Increases
in atria)

Arterioles and Veins None COI.lStrICtS

Dilates

Lungs

Constricts bronchioles

Dilates bronchioles

Glands: Nasal, Lacrimal,
Submandibular, Parotid

(salivary) and Gastric (stomach)

Stimulates copious
secretion

Stimulates slight secretion &
vasoconstriction

Digestive Tract

Increases motility &
tone, relaxes sphinchter

Decreases motility & tone,
contracts sphincter

Stimulates insulin &

Inhibits insulin & enzyme
Pancreas - :
enzyme secretion secretion
Slight glycogen
Liver synthesis (“glucose Glucose release
store polymer”)
Decreases .
. Decreases proinflammatory
Spleen proinflammatory .
. cytokines
cytokines
Stimulates urination: Inhibits urination:
Bladder Detrusor — contraction Detrusor — relaxation (slight)
Trigone — relaxation Trigone — contraction
Adipose tissue (fat) None Stimulates fat breakdown
Skeletal Muscle None Increases glycogenolysis
Male Sex Organ Erection Ejaculation
Eyes: Pupils Constriction Dilation
e Slight relaxation (far . ..
Ciliary Muscle ght refax ( Contraction (near vision)
vision)
Piloarrector Muscles None Contraction

The effects of ANS activity on effector tissue can be quite complex. Multiple
neurotransmitters may be released at the same time, each with a different biological
effect. For example some neurotransmitters might inhibit further release of
additional neurotransmitters, whereas other neurotransmitters might promote the
cellular reuptake of different neurotransmitters. Consequently the relative ratios of
neurotransmitter release may ultimately determine the change in effector tissue
function, commonly known as a ‘ratiometric’ effect.
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The majority of SNS post-ganglionic neurons release noradrenaline and are
therefore called adrenergic neurons, whereas the majority of PSNS neurons release
acetycholine and are therefore called cholinergic neurons. Noradrenaline acts on o
and P receptors in the effector tissue whereas acetycholine acts on muscarinic
receptors in the effector tissue. Acetycholine may also act on nicotinic receptors
that are primarily limited to synapses in the ANS ganglia, CNS, and at the skeletal
muscle neuromuscular junction.

3. Neuromodulation Devices to Control the Autonomic Nervous System

The ANS is tasked with controlling multiple organ systems and is responsible for
physiologic homeostasis. Therefore, it is not surprising that there is much effort to
develop treatments aimed at controlling ANS function. Neuromodulation devices
to control ANS function have seen a large increase in industry activity over the last
decade. ANS devices are more amenable to minimally invasive surgical techniques
than deep brain stimulators and can be effectively used to address a wide variety
of large-market diseases and disorders. Cyberonics first received Premarket
Approval (PMA) from the Food and Drug Administration (FDA) in 1997 for an
implantable vagal nerve stimulator (VNS), relying on a epineural tripolar-cuff
electrode design to reduce seizures associated with partial onset epilepsy that were
unresponsive to drug treatment [25]. This same device received FDA market
approval to treat depression in 2005 [26]. The manufacturing bar in a regulated
environment for developing implantable devices that can safely and reliably
stimulate nerves in human patients for a decade or more is exceptionally high. It is
not unusual for a Pivotal Trial necessary for FDA Premarket Approval of a
chronically implantable device to take up to a decade to complete and cost the
manufacturer over $150 million. Moreover, benchtop and short (six months or less)
animal tests are not fully predictive of safety or reliability for long term human
implants at scale. As a result, the neuromodulation industry aggressively copycats
successful clinical designs, drawing heavily from manufacturing processes with
proven clinical and commercial success in a regulated market for new device
concepts. Consequently the market approvals for the Cyberonics VNS device in
1997 and 2005 have led to a flurry of clinical studies utilizing variants of epineural
cuff electrodes to interface with the ANS in new therapeutic indications.

Since 2010, the FDA has granted market approvals for Medtronic’s InterStim
System (sacral nerve stimulation for urinary and fecal incontinence [27]), Inspire’s
Upper Airway Stimulation System (hypoglossal nerve stimulation for obstructive
sleep apnea [28]), Enteromedic’s Maestro System (abdominal vagus blocking
therapy for weight loss [29]), Medtronic’s Enterra II System (stimulation of
stomach for nausea/vomiting resulting from gastroparesis [30]), and CVRx’s
neo™ Legacy System (stimulation of baroreceptors in the carotid sinus for
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hypertension [31]). Even more prevalent are Conformité Européenne Markings
(CE Mark), indicating that an ANS device may be legally marketed in Europe.
Prominent CE Marks include several systems to treat heart failure (CVRx’s neo™
baroreceptor stimulation system, BioControl’s CardioFit vagal nerve stimulation
system, and Cyberonics’ VITARIA™ vagal nerve stimulation system),
hypertension (CVRx’s neo ™ baroreceptor stimulation system, Boston Scientific’s
Vessix renal denervation system, Medtronic’s Symplicity renal denervation
system, and St. Jude’s EnligHTN renal denervation system), type 2 Diabetes
(Metacure’s Diamond system for stimulation of the stomach), as well as
bronchoconstriction and gastric motility disorders (electroCore’s non-invasive
vagal nerve stimulation system).

The difference in number of market approvals between the U.S. and Europe is
largely attributable to different standards of clinical evidence necessary to obtain
market approval. The FDA is mandated to provide a reasonable assurance of the
safety and effectiveness of a medical device [32]. Accordingly, the FDA’s Center
for Devices and Radiological Health has a three phase system depending on
clinical study stage: Early Feasibility, Feasibility, and Pivotal. The ‘Pivotal’ trial
directly precedes market approval, and typically requires a randomized, double-
blinded and sham-controlled trial design (RCT) for market approval demonstrating
a statistically and clinically significant additional benefit in comparison to
aggressive medical management to offset the risks of an invasive surgical
procedure [32]. In double blinded designs both the patient and the investigator are
deliberately kept unaware of which patient is in the therapy arm versus the control
arm. True blinding of both the patient and the clinician may not be possible in some
cases, as side-effects indicating the therapy is turned ‘on’ may be perceptible to
both patients and clinicians. For invasive devices, sham controls are typically
performed by implanting the neuromodulation device in all subjects and simply
not turning it on in a randomized subset of subjects until later in the study.

A 510(k) market approval is a substantially less cumbersome regulatory path
than a PMA, as the basis for the FDA submission is an already approved predicated
device.

In contrast, the manufacturer need only provide proof that the devices ‘works
as intended’ to receive a CE mark in Europe, even for high-risk medical devices
[32]. The difference in regulatory systems creates a stark difference in burden on
the manufacturer to obtain market approval; for example, a distal protection system
for a coronary artery intervention received a CE mark after a single-arm study
involving 22 patients [33, 34], whereas the same device was only approved for sale
in the U.S. several years later on the basis of a randomized study involving 800
subjects [35].
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Although the relative strengths and weaknesses of the U.S. and European
regulatory systems can and have been debated, the U.S. requires a higher scientific
standard of clinical evidence for market approval. This has recently led to a number
of ANS systems receiving approval for sale in Europe based on single-arm or
“open-label” studies, yet failing to meet their primary efficacy end-point in more
rigorous, sham-controlled U.S. ‘Pivotal’ clinical studies to support PMA. Some
recent examples include Enteromedic’s Maestro system, CVRx’s Rheos system
and Medtronic’s Symplicity System (Table 2). A common theme across these RCT
studies is that a significant improvement in end-point metrics was observed in the
untreated sham arm. Similarly large effects have been noted in the sham arm in
clinical studies of central nervous system neuromodulation devices (NeuroPace,
SANTE). It should be noted that some of these devices were able to achieve full
FDA PMA (Enteromedics, NeuroPace) or more limited Humanitarian Device
Exemptions (HDE, CVRx Rheos™) on the strength of their clinical studies,
whereas many of the remaining neuromodulation devices still demonstrated
significant improvements in pre-specified secondary efficacy end-points. It is also
important to remember that the patients in these studies have severe life-
threatening and/or life altering disease/disorders that have been demonstrated to
be unresponsive to conventional pharmacologic/biologic treatments.

The inability to predict the outcomes of RCT studies for ANS neuromodulation
is in part a function of our limited understanding of the functional neuroanatomy
of in humans, and even more limited understanding of how the human autonomic
nervous system responds to electrical stimulation delivered by a device at a single
point in the system. It should be noted that our lack of understanding of how the
functional anatomy relates to therapy limiting side-effects may be just as
problematic as our understanding of intended effect.
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Table 2. Recent Sham-Controlled Studies of Neuromodulation Devices
Primary Clinical Result Result
System Description Efficacy End- Treatment
: Sham Arm
Point Arm
Percentage of 54% response 46% response
. . patients with rate with at least rate with at
Stimulation of the
CVRx Carotid greater than 10-mm Hg least 10-mm
Rheos™ 10mmHg in reduction in Hg reduction
Baroreceptors . . . .
[1] . Systolic Blood systolic blood in systolic
for Hypertension
Pressure versus pressure from blood pressure
sham at 6 months baseline from baseline
14.1 mmHg 11.7 mmHg
Average reduction average average
. Renal . . Lo Lo
Medtronic . in systolic blood reduction in reduction in
- Denervation for . .
Symplicity [8] . pressure versus systolic blood systolic blood
Hypertension
sham at 6 months pressure from pressure from
baseline baseline
Stimulation of the 1gal::rr2i2tr;re 24.4 percent 15.9 percent
Enteromedic’s Abdominal £ verag excess weight excess weight
excess weight loss
Maestro [9] Vagus for loss from loss from
. versus sham at 6 _ .
Obesity baseline baseline
months
Decrease in 0.04 cm average 0.08 em
. average
Boston . . average left decrease in left -
C Stimulation of the . . decrease in left
Scientific’s Vaeus for Heart ventricular end- ventricular end- ventricular
NECTAR-HF gus systolic diameter systolic .
Failure . end-systolic
study [10] versus sham at 6 diameter from .
. diameter from
months baseline .
baseline
Bilateral . -40.4% median | -14.5% median
. . . Decrease in . .
Medtronic stimulation of the . percentage in percentage in
. . selzure rate per . .
SANTE Study | anterior thalamic seizure seizure
month versus
[12] nucleus for frequency from frequency
. sham - :
Epilepsy baseline from baseline
. . -37.9% median | -17.3% median
Responsive Decrease in ercentage in ercentage in
NeuroPace Neural seizure rate per pereentag pereentag
. . seizure seizure
[12] Stimulation for month versus
Epilepsy sham frequency from frequency
p baseline” from baseline

* Statistically Significant versus Sham (p < 0.05)

4. Functional Anatomy - Key Principles for the Development of
Neuromodulation Devices for the Autonomic Nervous System

The gold standard for implantable stimulation devices is the cardiac pacemaker.
First developed in the early 1930s, over 300,000 patients receive a pacemaker
implant each year in the United States alone and over 900,000 per year world
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wide [36]. The large commercial success of the cardiac pacemaker is a result of
decades of development and smart engineering practices that have taken advantage
of several features of human functional anatomy, including:

1) target anatomy that enables a simple, minimally invasive, surgical procedure,

2) activation of target effector tissue is easily separable from tissue the produces

non-targeted side-effects,

3) low variability in functional anatomy from patient to patient, and

4) a clear and immediate biomarker of intended effect.

The modern pacemaker can be implanted under local anesthesia utilizing a
small incision in the chest to provide access through the subclavian, cephalic, or
femoral vein to the heart, as visualized using fluoroscopy. A lead is placed in both
the atrium and the ventricle, where it is affixed to the endocardium either passively
with tines or actively via a helical screw electrode design. These same lead
locations can also be used for passive recording of ECG signals for closed-loop
control of pacing, yielding an immediate biomarker of pacemaker effect without
the need for additional invasive implants. As the cardiac muscle cells form a
syncytium, meaning that they are interconnected to generate synchronized muscle
activity, the target area for the stimulating electrode is comparatively large. This
target area is also well isolated from nerves that could induce unwanted side
effects; thus, unwanted side effects such as induced pain or diaphragmatic pacing
are usually a result of lead migration or failure of insulation along the implanted
lead.

Despite the decades of refinement and numerous favorable features of the
human functional anatomy for cardiac pacemakers, surgeries are not without
complications. The comprehensive FOLLOWPACE study, which followed over
1500 pacemaker patients over an average of 5.8 years, found that 12.4 percent of
patients developed pacemaker complications within the first 2 months after
surgery, while 9.2 percent of patients experienced complications thereafter [37].
Given the high complication rate of even the highly refined and established
pacemaker technology, commercial development of neuromodulation devices
targeting the autonomic nervous system relies heavily on the established
manufacturing process used to develop the cardiac pacemaker. As FDA market
approval requires the benefits of the product to outweigh the risks - and that the
risks are clearly defined and quantified so that a fair evaluation can be made - there
is great advantage for companies to develop devices based on previously
successful examples where the risks are already well defined, or where the surgical
strategy is anticipated to have less risk than standard procedures.

Market penetration and patient adoption also depends heavily on the perceived
risk of the surgery. For example, the percentage of patients with Parkinson’s



28 K. Ludwig et al.

disease indicated for deep brain stimulators that elect to receive a deep brain
stimulator (DBS) implant vary from 5 to 20 percent depending on the country.
Although many factors contribute to this low market penetration, risk perception
on the part of patients is undoubtedly a large contributor. Thus, concerns about
market viability can make companies reluctant to develop devices where the
surgical risks are anticipated to exceed those of the refined pacemaker vascular
implantation procedure. Not surprisingly, industry efforts into development of new
therapeutic indications have been largely driven by identification of targets that
offer similar advantages in local functional anatomy to those of pacemakers, with
a primary emphasis on risk profile. Difficulties in meeting primary efficacy
endpoints in Pivotal clinical studies can often be attributed to missing one of these
enabling features. The following sections describe favorable features of the ANS
functional anatomy as they pertain to neuromodulation devices currently
undergoing or recently having completed clinical studies.

4.1. Anatomy enables simple, minimally invasive surgical procedure

The vagus nerve has become a popular target for autonomic neuromodulation
therapies. At the mid-cervical level the vagus nerve lies superficially within the
carotid sheath. As such, it can easily be accessed surgically via an incision in the
neck. The vagus contains pathways to and from all the major organs in the viscera,
and regulates critical systems implicated in numerous diseases and disorders such
as the inflammatory reflex, digestion, and bronchoconstriction. A major advantage
of targeting the vagus nerve at the mid-cervical level is that this location is typically
directly visible via ultrasound, and its location is consistent relative to the carotid
arteries, which are also visible. Since 1997 over 100,000 VNS devices have been
implanted in 75,000 patients worldwide, providing considerable experience for the
refinement of the surgical procedure, thus reducing complications and enhancing
the mechanical reliability of the device [38].

Given the cost and difficulty to develop a stimulator that can be manufactured
at scale and works reliably after ten years of implantation, existing VNS device
designs and manufacturing processes are still largely drawn from practices
established during the 1980s and 1990s in the cardiac pacemaker industry. Vagal
nerve stimulation (VNS) devices are currently market approved in the United
States to treat epilepsy, depression, and obesity. Additionally, VNS devices are
market approved in Europe to treat cluster headache, heart failure,
bronchoconstriction and type II Diabetes. Emerging indications for VNS devices
at various stages of clinical testing include chronic inflammation, rheumatoid
arthritis, anxiety, stroke rehabilitation, and tinnitus. Similar to the interest in
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leveraging the VNS platform for a myriad of ANS therapies, there has been a
notable increase in clinical studies leveraging epidural spinal cord stimulators
(SCS), which are already market approved for pain treatment, to provide ANS
neuromodulation. Early clinical studies have demonstrated that existing SCS
devices can be used to improve bladder function, sexual function, and
cardiovascular responses in patients with spinal cord injury, in addition to some
return of voluntary motor function [39, 40].

More recent ANS devices have focused on anatomical targets that can be
accessed through a small surgical window. The CVRx first generation system to
stimulate the baroreceptors for hypertension, Rheos™, consisted of vagal nerve
tripolar cuff electrodes with a modified “glove” design that was wrapped around
both carotid sinus bulbs [41]. The surgery for the Rheos™ system was a complex
one, requiring the vascular surgeon to dissect 360° around the sinus bulb, internal
and external carotid arteries, and associated substructures on each side of the neck
[41]. This surgical complexity may have led to an increased number of adverse
events such as nerve damage-related paresthesias. As a result, CVRx failed to meet
their primary efficacy endpoint for the Pivotal trial of their first generation device.
The CVRx second generation device, neo™, consists of a single, very small,
monopolar electrode embedded within an insulating suture pad that can be attached
to the carotid sinus bulb through a 2 ¢cm unilateral incision [41]. Implantation of
the neo™ system required the development of a specialized surgical tool to enable
mapping of the sinus bulb in order to identify the most efficacious implant location
[42]. Additionally, implantation required suture of the electrode to the sinus bulb
to prevent electrode migration post implantation [42]. Initial results utilizing the
minimally invasive neo™ have closely matched the results of the Rheos™ system,
already leading to a CE mark in Europe and a new Pivotal trial in the U.S.

Laparoscopic or “needle-injection” implant surgeries are becoming
increasingly commonplace for ANS neuromodulation therapies. The electrodes for
the Medtronic Enterra (HDE) System to treat intractable nausea resulting from
gastroparesis and the Metacure Diamond system (CE mark) to treat type II diabetes
can both be implanted using minimally invasive laparoscopic procedures. The
StimGuard tibial nerve stimulator for overactive bladder syndrome - which
received an investigational device exemption for a clinical study from the FDA in
2015 - consists of an electrode that can be implanted non-surgically using only a
needle, with power and telemetry provided by a small externally worn transmitter.
One major advantage of the tibial nerve is that it is large enough to visualize via
ultrasound, a critically enabling facet of a needle-stick procedure. Similarly,
StimWave received an FDA 510(k) approval for their wireless spinal cord
stimulation system, which is also amenable to surgical implantation via
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percutaneous needle stick. Typically an implantable device requires a PMA even
if there are predicated devices, so the StimWave 510(k) approval based on not
needing active implanted components has large positive implications for the wider
industry. It should be noted that a minimally invasive surgical procedure such as a
percutaneous needle stick does not guarantee fewer adverse events. A recent study
of SCS implants suggests that adverse events such as dura puncture and cerebral
spinal fluid leakage or lead migration are far more common in percutaneous
implants than traditional open procedures, presumably due to the decreased
visibility and more restricted access.

Although the electrode and lead designs for the StimWave and StimGuard
system enable wireless power and telemetry, the size and configuration of the
implanted electrode arrays are similar to existing systems powered through a wired
connection to an implantable pulse generator. SetPoint Medical (inflammation)
and Microtransponder (tinnitus, stroke rehabilitation), amongst others, are
developing technology to reduce the size of the implantable electrode and
transceiver to stimulate points along the vagus nerve. The end-goal is to reduce the
size of the full implant- including electrodes and transceiver for power and
telemetry - to fit within an injectable hermetic enclosure the size of a grain of rice.
Although there has been considerable interest in developing vascularly implanted
miniaturized wireless systems for indications other than cardiac pacing,
developing a simple-to-implant device for other indications with the necessary
focality of stimulation from within or across a vessel wall has remained elusive.

4.2. Activation of target nerves is separable from off-target nerves

There is a trade-off between a minimally invasive electrode design and an
electrode design that can minimize the activation of off-target nerves and muscles
that lead to side-effects that can limit the therapeutic efficacy. The simplest design
for an injectable electrode is a simple small diameter insulated wire with an
exposed tip that is bent or barbed, such as the Permaloc intramuscular electrodes
for direct stimulation of the bladder wall [43]. These designs allow the wire to be
implanted percutaneously through a needle or introducer, and the barb provides
anchoring to maintain the position of the electrode once the introducer is retracted.
Unfortunately, this simple design is not viable for many nerve stimulation
applications as the applied current can create unwanted activation of nearby
untargeted nerves or muscles at subthreshold levels for intended therapeutic
stimulation of target nerves. In fact programming for many neuromodulation
therapies - such as DBS electrodes or carotid baroreceptor stimulators — primarily
entails slowly increasing energy delivered until side effects are first noted, and then
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applying the highest dosage that does not create observable side effects in order to
maximize intended effect [44]. Programming procedures that are driven first and
foremost by limiting side effects do not guarantee the device is engaging the
intended neural target, especially when biomarkers of target engagement are often
limited or unreliable.

The standard vagal nerve stimulator, for example, utilizes an insulating cuff that
is wrapped around the cervical vagus in conjunction with a tripolar electrode
design to limit the spread of current outside of the insulating cuff. Uninsulated
electrodes similar to the Permaloc design that can be implanted via a needle
injection have been attempted for vagal nerve stimulation in animals, but have been
critically limited by unintended activation of the neck muscles at levels still too
low for therapeutic activation of the vagus. The tripolar cuff design for existing
VNS therapies provides adequate current steering to send current through the
epineurium, but requires open surgical access to implant and to anchor the cuff to
ensure conformance of the electrode and insulation during the healing-in process
to create consistent current steering and prevent lead migration.

A number of commonly used techniques to maximize intended effect while
minimizing unintended effects are critically dependent on the functional anatomy
of the neural target and surrounding tissue. The first and most common technique
is optimizing electrode location. The electric field created by a stimulating
electrode falls off very rapidly (as a function of 1/r for monopolar configurations,
1/ for bipolar configurations, and 1/r* for tripolar configurations, where ‘r’ is the
distance from the stimulating electrode) [45, 46]. Consequently, targets with
functional anatomy where the stimulating electrode can be consistently placed and
maintained closer to target nerves are preferred. It is not unusual to implant an
electrode array with electrodes in multiple locations to optimize stimulation based
on location after implant; however, this requires a physically larger implant to span
these locations and, consequently, can increase the invasiveness of the surgical
procedure required.

There is also considerable interest in utilizing multiple cathode and anode
electrode configurations to steer current to preferentially activate tissue between
electrode contacts instead of at the location of the electrode. Although many
market approved devices are capable of current steering, the ability of these
techniques to create virtual electrodes for consistent preferential activation
between electrode locations in long-term implants remains unproven. Many
studies using optical recording techniques in isolated heart preps in animals have
demonstrated that generation of virtual cathodes and anodes are dependent on both
predictable and unpredictable anisotropies in the target tissue [47], which may vary
as a function of edema and scarring from a chronic implant or from patient-to-
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patient difference in physiology. Therefore, the ability to predict and maintain a
virtual cathode or anode for preferential activation of tissue to enhance desired
effects and prevent unwanted side effects may be a valuable but limited tool.

A second common technique is manual calibration of the energy applied (pulse
width and pulse amplitude) to find a setting that directly initiates action potentials
in the fibers of interest while remaining sub-threshold for activating off-target
fibers. Although distance from a given fiber to the stimulating electrode is by far
the largest determinant of activation threshold, activation thresholds also depend
on diameter, myelination, and orientation of the fiber with respect to the
stimulating electrode [48]. Consequently, implant locations where there are clear
morphological differences between target fibers and off-target fibers that can be
differentiated through programming are preferred. Although there has been
considerable research into preconditioning pulses and other asymmetrical
waveforms to inactivate specific channel types of off-target fibers prior to applying
a more general activation pulse, these techniques have yet to be proven or
consistently practiced in market approved neuromodulation devices [49-51].

A third technique gaining in prevalence is temporal patterning to optimize on-
target effects and minimize off-target effects by mimicking the temporal patterns
of naturally occurring neural signals [52-54]. Historical ANS neuromodulation
devices have stimulated at a continuous frequency, amplitude, and pulsewidth.
Some systems have experimented with intermittent stimulation, such as
stimulating one minute out of every five, but primarily to save battery life. Modern
systems, however, are increasingly attempting to decipher and imitate the natural
patterning of signals sent by nerve fibers to drive desired outcomes. For example,
the BioControls system monitors the cardiac cycle to deliver stimulation in rhythm
with the intrinsic beating of the heart, in order to mimic the rhythm of natural
signals sent by sensory afferents from the heart during normal function. Whether
more natural temporal patterning can enhance target effect while minimizing off-
target effects compared to stimulation at a single fixed frequency in human patients
remains unclear.

Lowering the percentage of the time in which the system is ‘actively
stimulating’, known as duty cycle, is also being increasingly explored to reduce
unwanted side effects. Intriguingly, rodent studies conducted by Tracey and
colleagues suggest it may be possible to sustainably and beneficially modulate the
inflammatory response at the spleen through epineural stimulation at the cervical
vagus for as little as ten minutes a day to treat inflammatory conditions such as
rheumatoid arthritis or system shock [55]. SetPoint Medical is currently exploring
this idea using existing vagal nerve stimulators in exploratory clinical trials in
Europe. Similarly closed-loop systems such as the NeuroPace Responsive Neural
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Stimulation system use sensors to stimulate only when an active seizure is about
to occur to minimize side effects and maximize battery life. Therapies in which
stimulation only needs to be administered for a few minutes a day could potentially
enable a host of less specific non-invasive neuromodulation techniques, as off-
target effects that would be intolerable for a continuous therapy may be easily
manageable for short periods.

4.3. Low variability in functional anatomy from patient to patient

Given a lack of high resolution tools for clinical research, variability in functional
anatomy is difficult to assess from patient to patient, but has increasingly been
implicated as a contributor to highly variable functional outcomes from patient to
patient evident with many neuromodulation therapies. For example, African
American patients in the Medtronic Symplicity-3 RCT study of renal denervation
for hypertension showed a higher response to the sham procedure than non-African
American patients. Earlier open-label studies did not enroll a large number of
African Americans [56]. Although medical adherence and type of therapy
administered as a function of race and cultural norms may have strongly
contributed to this disparate result, genetic variability is also postulated as a root
cause. African Americans have previously been demonstrated to respond
differently to common high blood pressure drugs than other groups of people and
may also be more sensitive to salt intake on average [57-59].

Similarly, very little is known about the variability in the organization of fibers
from patient to patient in popular implant locations like the cervical vagus. The
cervical vagus consists of approximately 100,000 fibers, of which 65-80 percent
are unmyelinated visceral afferent sensory fibers from a multitude of visceral
organs. The distance between afferents and efferents to and from a specific organ
and the epineural cuff electrode at the level of the cervical vagus is largely
unknown, and may vary greatly across a population. As distance is the largest
determinant of activation thresholds, such variability could be partially, or even
largely, responsible for the wide variability in patient outcomes to VNS therapy.
Consequently, there is increasing interest in therapeutic targets with consistent
functional organization of both intended and unintended neural targets from patient
to patient, in order to develop a single therapy that maximizes the number of
responsive patients.
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4.4. Need for clear and immediate biomarker of intended effect

The time spent programming devices implanted in patients is both expensive and
very burdensome on both the patient and the clinician, and therefore dramatically
impacts the market viability of a neuromodulation therapy. Given the increasing
number of variables that can be manipulated to impact therapy such as number of
electrodes, stimulating electrode location, configuration, waveform amplitude,
pulsewidth, pulse shape, frequency, and temporal patterning, the complexity of
programming neuromodulation devices is constantly increasing. Consequently,
therapeutic targets with clear and immediate direct or surrogate biomarkers of
intended effect are critical in order to practically iterate through all potential
combinations of therapy parameters. Clear, measurable biomarkers of effect and
side effect not only make it easier for caretakers to iterate through the myriad
programming options, but also may enable closed-loop systems that can
continuously titrate the therapy based on changes in patient status over the course
of the day.

An illustrative anecdotal example is from the personal experience of one of us
(Ludwig) in programming both hypertension and heart failure patients in clinical
studies of the CVRx Rheos™ and neo™ Systems. The CVRx device activates the
carotid baroreceptors, sending an afferent signal through the carotid sinus nerve to
the medulla, which in turn leads to sympathetic inhibition of the heart and blood
vessels. In responsive hypertensive patients, therapy parameters resulting in
baroreflex activation cause a quickly evident and clear acute drop in blood pressure
presumably due to the intended sympathetic inhibition. However, as heart failure
patients have a weakened heart, and therefore generate less force during
contraction, blood pressure for heart failure patients is often comparatively low
without therapy. Consequently, the surrogate biomarker of blood pressure to gauge
the intended therapeutic sympathetic inhibition as a function of stimulating the
carotid baroreceptors is notably less dramatic. This made it much more difficult to
select programming parameters that maximized therapeutic sympathetic inhibition
while minimizing side effects such as stimulation-induced pain or parasthesias, as
the surrogate biomarker for inhibition of decreased blood pressure was much
smaller and often obscured by normal fluctuations in pressure. Although the CVRx
system is intended to achieve its therapeutic effect for both hypertension and heart
failure by creating a change in vascular resistance via sympathetic inhibition, direct
measurement of vascular resistance or sympathetic activity can be difficult to
implement clinically for routine programming.
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5. Conclusion

Recognizing the unique opportunity of phenomenology-based therapies that have
demonstrated therapeutic effect in large clinical studies - but with limited
understanding of mechanism of action - the National Institutes of Health (NIH),
the Defense Advanced Research Projects Agency (DARPA), and pharmaceutical
giant GlaxoSmithKline (GSK) recently convened a symposium of world experts
to develop a research roadmap for the emerging field of ANS device therapies
called “bioelectronic medicines” [23]. The ultimate vision for bioelectronic
medicines is miniaturized, injectable wireless devices that can record, analyze and
modulate neural signal patterns automatically, in a ‘closed-loop’ fashion to achieve
therapeutic effects targeting organ functions. This technology would represent the
ultimate in both precision and personalized medicine. Here, precise targeting of
the nervous system would be used to direct location-specific delivery of
endogenous biomolecules relevant to control end-organ function and avoid
unwanted side effects, while biosensors would titrate the therapy in real-time based
on patient-specific changes in measured physiological function. The research
roadmap proposed three pillars necessary to realize this vision:

1) the open development of a detailed anatomical and functional nerve atlas
in both humans and animal models establishing both intra and interspecies
variation in organ innervation;

2) investment in next generation research platforms that can wirelessly
stimulate, record and block nerve activity reliably in chronic animal
preparations to better understand changes at the neural interface and
systemic adaptation to therapy; and

3) investment in research tools and studies to support ‘parallel translation’.
Parallel translation means conducting high resolution, high-throughput
animal studies while simultaneously conducting lower throughput human
studies taking advantage of pre-existing surgical procedures, to hasten
discovery compared to traditional serial translation efforts. Parallel
translation is critically necessary to establish human relevance of the
animal data, as well as to iteratively refine computational models to predict
human results.

In support of this roadmap the NIH, DARPA, and GSK have all launched their
own large-scale funding programs - known as the Stimulating Peripheral Activity
to Relieve Conditions (SPARC, NIH), Electrical Prescriptions (ElectRx, DARPA),
and Bioelectronic Medicines Programs (GSK). As neuromodulation devices are
already a three billion dollar a year industry - yet predicated primarily on
compelling clinical phenomenology - investment into elucidating the anatomy and



36

K. Ludwig et al.

physiology of the ANS will catalyze the development of completely new ANS
device therapies while helping to optimize existing ones. ANS neuromodulation

devices have the potential to become a minimally invasive frontline therapy,
instead of a treatment of last resort, through capitalizing on advances on advanced

in

miniaturization, computing, and surgical tooling. Leveraging a keen

understanding of the biology to optimize the number of responsive patients, ANS
device therapies could both revolutionize clinical practice as well as create
exponential economic growth.
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Familiarity with the anatomy and physiology of the central nervous system (CNS)
is essential for any student or researcher in the field of neural prostheses.
Knowledge of CNS structure, organization, and function is crucial for
understanding the effects of injury and disease on neurological function, and to
design rational strategies for restoring or augmenting those functions with neural
prostheses. Unlike mechatronic prostheses, which work by providing physical
replacements for damaged or missing limbs, neural prostheses operate by
leveraging intrinsic functions of the nervous system. Thus, to understand the
capabilities and limitations of any neural prosthesis, one must consider the
anatomy and physiology of the neural structures engaged by the technology. The
goal of this chapter is to provide a general introduction to the CNS and serve as a
reference when considering subsequent chapters that deal with particular
components of this system. For brevity, we have focused more attention on
structures that have been notable targets of previous efforts in neuroprosthetics.
A brief description of the anatomy and physiology of each structure is provided.
We have left the details of neuroprosthetic applications to subsequent chapters
focusing on particular neural systems and functions.
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1. Introduction

The central nervous system (CNS) comprises the brain and spinal cord, which
contain vast networks of highly interconnected neurons that support myriad
sensory, motor, cognitive, and autonomic functions. The CNS achieves most of
these functions through interactions with the peripheral nervous system (PNS),
described in more detail in chapter 1.1. This chapter will provide an overview of
the CNS, divided in two sections covering the brain and spinal cord.

The CNS is composed of two main cell types, neurons and glia. Neurons
conduct electrical impulses and form the basis for neuronal networks within the
brain and spinal cord. In general, the main components of the neuron include
dendrites, cell body (soma), axon hillock, axon, and axon terminals, which transmit
chemical signals (i.e. neurotransmitters) to other neurons across connections called
synapses. The dendrites form tree-like arborizations that integrate synaptic inputs
from other neurons, resulting in graded changes in the transmembrane voltage that
are called post-synaptic potentials (PSPs). At “rest”, the transmembrane potential
is approximately -70 mV, as measured between the inside of the cell relative to the
extracelluar space. PSPs generated by synaptic inputs can be inhibitory or
excitatory, depending on the type(s) of neurotransmitter released at the synapse
and the type(s) of chemical receptors present on the postsynaptic neuron.
Inhibitory PSPs (iPSPs) drive negative changes in the membrane potential (i.e.
further polarization), while excitatory PSPs (ePSPs) serve to depolarize the
membrane. When the neuron is depolarized to a critical “threshold”, an action
potential (AP) will be generated at the axon hillock of the neuron. The AP
propagates along the length of the thin, elongated structure of the neurons called
the axon. The size and length of axons varies depending on the neuron’s function.

The vast majority of neurons are interneurons, neurons with axons that do not
exit the central nervous system. Other neurons, known as motor neurons and
sensory neurons, with cell bodies located in the brain and in or near the spinal cord
(within the spinal column), extend their axons outside the central nervous system
and form the efferent and afferent component of peripheral nerves, respectively.
The ensuing sections will introduce different kinds of neuronal cells located
throughout the central nervous system. Glial cells form the support matrix for
neurons. Among their tasks is the provision of insulation or myelin for some axons
which acts to increase the conduction velocity of electrical impulses, and the
recycling of excess neurotransmitters released between cells.

The following planes of reference will be used when referring to the anatomical
location of neuronal structures in the central nervous system (Fig. 1). The sagittal
plane passes lengthwise through the body and divides it into left and right portions.
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The term lateral refers to locations away from the midline in the sagittal plane
while medial refers to locations close to the midline. The term ipsilateral means
the same side in the sagittal plane while contralateral means the opposite side. The
frontal or coronal plane passes lengthwise through the body and divides it into
front and back portions. The terms dorsal and posterior refer to locations in the
back part of the body in the frontal plane while ventral and anterior refer to
locations in the front part. The horizontal, transverse or cross-sectional plane
divides the body into upper (rostral or superior) and lower (caudal or inferior)
portions.

Coronal

Transverse

Cranial Plane

Dorsal

Caudal

Sagittal
plane
Fig. 1. Visualization of anatomical planes of reference and descriptive terms.

Starting caudally and moving rostrally, the central nervous system consists of
the spinal cord, located within the spinal column (spine), a cranial swelling
(medulla) connected through a bridge (pons) to the midbrain (mesencephalon)
(Fig. 2). The roof (tectum) of the midbrain is the site of the superior and inferior
colliculi, two important nuclei for vision and audition (see Chapters 1.7 and 1.8,
respectively). As one travels “up” the system, progressing from the mesencephalon
to the diencephalon (from which various forebrain structures extend), this simple
linear progression breaks down, and various lateral branches, such as the
cerebellum, make the anatomical system much more interesting and complicated.
The thalamus and hypothalamus reside above the midbrain. The hypothalamus
plays a critical role in the regulation of many autonomic nervous system functions
(see Chap. 1.2), in the generation of emotional states and the motor patterns
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associated with them, and in the production of certain hormones (e.g., oxytocin
and antidiuretic hormone) and regulation of others through the pituitary gland. The
basal ganglia or cerebral nuclei consist of a collection of structures, some of which
are related to the limbic system, but the majority of which are major players in the
control of muscle tone and voluntary movement. Disorders of the basal ganglia
function can be quite debilitating (e.g., Parkinson’s disease) and are the subject of
considerable current interest as candidates for neurostimulation based therapies.
The limbic system is a collection of cortical and subcortical structures responsible
for functions such as learning and memory, emotional states, and behavior
associated with drives. Located most rostrally in the central nervous system is the
cerebral cortex which is comprised of four lobes in each hemisphere, frontal,
parietal, temporal and occipital.

A

Cerebral
hemispheres

Precentral ~ Central
gyrus (M1)  suleus

Thalamus Central
sulcus Cingulate

Postcentral Corpus
gyrus

agyrus (SI) callosum

Anteriol
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cortex (V1)
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OCCIPITAL
LOBE Brainstem

Midbrain X
4 Cerebellum
Pons
Cerebellum S

Medula

Primary
auditory
cortex
Brainstem
TEMPORAL
LOBE Spinal cord
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Fig. 2. Gross anatomy of the human brain, (A) lateral and (B) medial view. The spinal cord,
brainstem, cerebellum, thalamus and cerebral cortex are shown. The wrinkled outer surface
(composed of fissures or sulci and folds or gyri) that covers the majority of the brain is the cerebral
cortex. In panel (A) labels illustrate some of the areas of localized function in the cerebral cortex
including primary motor cortex on the precentral gyrus (M1) and primary somatosensory cortex on
the postcentral gyrus (S1). Other primary sensory cortex areas for vision and audition are also shown.
The cerebrum is divided in two hemispheres which are connected through the corpus callosum and
anterior commissure. (Adapted from [1]).

The following sections provide a concise description of many components that
are likely to be encountered in discussions of neuroprosthetic and neuromodulatory
devices intended for application to the CNS. Though the chosen structures are
segregated into individual sections, the reader is reminded that these structures are
extensively interconnected. The reader is encouraged to examine the more specific
descriptions on sensory, motor, and other systems that are covered in detail in
subsequent chapters.
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2. The Brain

While the complexity of the brain, its anatomy, and its function deserve a whole
textbook, the following sections will serve as a primer to understand relevant
structures (neural cell bodies, dendrites, and axons/fiber tracts) that enable or could
enable applications in neuroprosthetics to treat clinical populations. We start with
an examination of anatomy from a top-down perspective (cerebral cortex
downward), with a focus on different functions that these structures play a role in
mediating.

The majority of these discussions will describe neural cells and how to interface
with those cells, but the reader is reminded that the non-neural cells, glia or
neuroglia, are a large majority of the cells in the brain. The numbers of neural and
non-neuronal cells are roughly equal, while in the cortex, neural cells make up only
about 20% of the cells and in the cerebellum they make up about 80% of the cells
[2]. Notably, the majority of non-neuronal cells is in the cortical white matter.

Regarding specific non-neuronal cells, microglia are the resident “first-
responders” of the brain that respond to inflammation or other “invaders”.
Astrocytes are key in maintaining the immune privilege of the brain, working with
pericytes and epithelial cells to govern the blood brain barrier. Astrocytes are also
an important contributor to chemical and neurotransmitter buffering to maintain
the well-controlled environment of the brain for the high energetic demands of the
brain (15% of body energy consumption vs. 2% of body weight) [3]. Part of their
function is to control blood flow [4]. Additionally, newer evidence is emerging
about the differences in astrocytes among species where astrocytes in humans have
distinct features versus rodents, including size and calcium wave conduction speed
[5]. Similarly, the human neocortex has an additional type of astrocyte in
comparison to the nonhuman primate [5]. A similar but different cell type is radial
glia. These cells are vital in the development of the cortex; they are a main player
in the inside out construction of the cortex where layer 6 (most inferior) is the first
layer to develop and layer 1 (most superior) is the last layer created. In other words,
a cell from layer 1 has to progress through layers 6-2 to get to its final location.
Radial glia act as a guide rope to accomplish this. Another cell type is the
oligodendrocyte that provides myelination of axons, much like Schwann cells in
the peripheral nervous system. One notable difference between Schwann cells and
oligodendrocytes is that Schwann cells interact with only one axon or cell where
oligodendrocytes can interact with several axons or cells. One additional cell of
note in the CNS is ependymal cells that create cerebrospinal fluid (CSF) for the
brain and spinal cord. The constant generation and maintenance of this fluid helps
maintain a stable environment for the brain. It also provides mechanical benefits
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by suspending the brain in the skull to minimize mechanical loading while at rest
or during movement. While recent research has shown the interplay of neuronal
and non-neuronal cells are vital in key brain functions and function of neurons
themselves, further research is needed to tease apart the importance of all the
relationships.

3. Forebrain

3.1. Forebrain anatomy - overview

The forebrain, or prosencephalon, contains some of the most evolutionary
advanced structures in neuroanatomy. Most notably, the cerebral cortex, often
referred to as the cerebrum, neocortex, or just the cortex, is often associated with
many of our higher reasoning capabilities. The forebrain can be split into two
different groups of structures: the telencephalon that contains the cerebral cortex,
hippocampus, basal ganglia, among others and the diencephalon that contains the
thalamus (as well as hypothalamus, subthalamus, epithalamus).

3.2. Telencephalon — cerebral cortex anatomy

The cerebral cortex or neocortex is often what we see when we picture the brain.
The cortex has many functions and accounts for over 80% of the mass of the brain
[2]. It is thought to be the foundation of consciousness, central processing of
sensory information, integration of that information, memory, decision making,
and generation of motor output commands, among other tasks. The undulating
surface of the brain is composed of gyri (outfolds) and sulci (infolds). The folding
increases the surface area of the cortex while not increasing skull volume, resulting
in additional cortical areas not present in smaller brains. Therefore, in mammals
with the smallest neocortices there are 10-20 different functional areas whereas
this number can exceed 100 areas in humans [6, 7]. Notably, only higher-level
mammals have this folding, or gyrencephalic brains. Lower level mammals, such
as rodents, do not have the folding, which is dubbed lissencephalic brains [8]. This
difference may impact which animal model is most relevant for preclinical work.
Another difference to bear in mind is the ratio of white matter to gray matter
volume. The volume ratio is 14:86 in rats and 10:90 in mice, white to gray matter,
where in humans and swine it is 60:40 [9-11]. This difference can also dictate
which animal model would be most relevant.

Packed into this large volume are 6 layers of neural cells that predominantly
have different functions. While not all areas of the cortex have 6 layers, 90% of
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the cortex has 6 defined layers. The composition and complexity has evolved over
time, and in humans, additional sublayers have been defined [8].

Central sulcus

Primary motor cortex (M1)

Somatosensory cortex (S1)

Frontal lobe Parietal lobe

Occipital lobe

Temporal lobe

Fig. 3. The cerebral cortex has four lobes: frontal, parietal, occipital and temporal. Motor areas are
located in the frontal lobe, in front of the central sulcus, while the somatosensory cortex lies in the
parietal cortex immediately behind the central sulcus.

The cortex is divided into 4 lobes frontal, parietal, occipital, and temporal (Fig.
3). Each of these lobes can be further subdivided into areas that are specific to
certain functions (e.g., primary motor cortex for motor function, primary visual
cortex for vision, etc.). Several different maps of the cortex and its lobes are
available, some which will be covered here. One of the most famous examples
would a map of Brodmann areas (Fig. 4). In humans, he specified 43 areas, labeled
1-52 with areas 12-16 and 48-51 not present in his original human maps, but
present in his maps of Old World monkeys. In the early 20th century, Campbell
(1905 [12]), Smith (1907 [13]), and Brodmann (1909 [14]) painstakingly
subdivided the neocortex into different regions based on the differences in the
histological appearance. At the same time Sherrington [15] championed
localization by meticulously “mapping” the cortex using electrical stimuli and
noting the peripheral motor responses. The work by these researchers and others
suggested that different areas of the cerebral cortex were specialized to perform
discrete functions. Others built on these maps to further refine delineations
(including Sarkisov [16], Fig. 4). Alternatively, others have built on these maps to
address needs regarding stereotactic brain surgery, including Talairach
space/coordinates and MNI (Montreal Neurological Institute and Hospital)
space/coordinates [17-19]. Recent research has also used transmitter receptor
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mapping to further probe the composition of a particular area based on particular
neurotransmitters [20].
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Fig. 4. Lateral views of the cortical maps of Brodmann (top row), Smith, and Sarkisov. (Adapted
from [25]).

With the development of imaging techniques, such as magnetic resonance
imaging (MRI), neuroscientists can non-invasively map the functions of the living
human brain (Fig. 5). The newer techniques utilize features of MRI images to mark
unique structures that enable transformations and delineation. An individual brain
can be morphed to a universal brain (or coordinate system). Then, the brain can be
parceled into different regions with several standards available, including the
Desikan-Killiany atlas [21], the Destrieux et al. atlas [22], and the Desikan-
Killiany-Tourville (DKT) atlas [23].

Other techniques can build upon these atlases and segmentation to map out task-
specific activation of brain areas and how different areas of the brain are connected
to each other, also known as the connectome. These methods use advanced tools
such as functional magnetic resonance imaging (fMRI) or diffusion tensor imaging
(DTI) (Fig. 6). When examined in parallel, a network analysis can be performed
to understand the connectivity and function of the brain during different tasks, as
illustrated in Fig. 6.

In addition to these anatomical and functional driven maps, there are many
other maps associated with the brain. One such map, examines the blood supply
(and outflow) to the cortex and the brain. A related map is the glymphatic system
(waste clearance system of the brain). The influx and outflux of chemicals to
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neurons and the brain are vital to supporting its high metabolic load, so these maps
and related work are important to bear in mind [24].
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Fig. 5. Advanced MRI based cortical maps of lateral (left) and medial (right) views. Top row, pial
surface projections of brain where areas are labeled according to “Desikan—Killiany—Tourville”
(DKT) protocol with automatically generated labels. Bottom row, inflated surface projections of
those viewed in top row, with shading and text of each region. Adapted from [23].

While the brain can be split up in many ways, distinct regions of the brain have
a mapping on their own within their subsection. For example, the motor and
somatosensory systems have maps in their respective cortices where different body
parts are represented in different segments of the motor or somatosensory cortex
(Fig. 7A, B). The maps were originally created by Penfield [27], but the
homunculus is an important feature to bear in mind when designing
neuroprostheses using the motor or sensory cortex to restore function associated
with a particular body part. While cortical maps are the focus of this section, it
should be noted that different maps of the body exist in other neural structures
outside of the cortex. These include the motor and sensory maps in the cerebellum
and thalamus, among others.

Vision (Fig. 7C-F), hearing (Fig. 7G-I), olfaction (not pictured, [28, 29]), and
gustation (not pictured, [30]) have all shown organization and some type of
mapping. For vision, there are many translations from the visual field to the visual
cortex, but one of the main features is the enlarged projection of images to cortex
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for items in the center of the field of view (near the fovea). In terms of hearing, the
most notable mapping is based on frequency where both the cochlea and auditory
cortex are primarily responsive to particular frequencies (Fig. 7H, I). Similar to the
non-cortical maps for somatosensory and motor function, the field of view has a
defined mapping in the thalamus (lateral geniculate nucleus), hearing (cochlear
nucleus, superior olivary complex, medial nucleus of the trapezoid body (MNTB),
and inferior colliculus), and olfaction (olfactory bulb).
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network analysis
Fig. 6. Process to map brain networks relies on segmentation of the brain into regions or nodes, first.
Then, in parallel, structural and functional networks are studied, resulting in matrices mapping
connections. The final result is the merging of both networks to develop a structure showing regions
of connectivity during certain tasks. Adapted From [26].

Regardless of the map or location, the reader should be warned that while the
mapping and assignment of these areas tend to depict clear boundaries, these
boundaries are never as sharp as drawn. While certain functions are fairly reliable
to delineate (motor and sensory functions), some higher-level functions (like
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consciousness) may span several structures. Some of the imprecision may be due
to lack of true understanding of the function of these higher-level functions.
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Fig. 7. Sensory maps in the nervous system. (A) The homunculi in M1 and (B) S1 as mapped by
Penfield and colleagues is useful for illustrating the gross somatotopic organization of the cortex in
these areas (Adapted from [31]). (C) Visual field split into different regions, 1-12, and (D) the
projection of that visual field onto the visual cortex, V1 (Adapted from [32]). (E) The right visual
hemifield featured with a uniform squares that is in turn (F) projected onto the visual cortex. Cortical
areal magnification (Ma), linear magnification-isopolar rays (Mp), and linear magnification-
isoeccentricity rings (Me) (Adapted from [33]). (G) Visualization of auditory corticies in the sulci
and (H) the projection of frequency on the primary auditory cortex (Adapted from [34]). (I)
Visualization of the cochlea and its tonotopic distribution across frequencies. The base of the cochlea
is most responsive to high-frequency sounds while the apex of the cochlea is most responsive to low-
frequency sounds (Adapted from [35]).

As mentioned previously, the cortex comprises 6 distinct cellular layers (Fig.
8). The density and number of cells varies from region to region, and this is well
illustrated by the difference between the primary somatosensory area (Fig. 8, area
type 4) and primary motor areas (Fig. 8, area type 1). The somatosensory area is
primarily input whereas the motor area that is primarily output. In the
somatosensory area, there are more layer 4 cells that receive primary input from
the thalamus. In the motor area, there are more layer 5 cells (pyramidal) that project
to subcortical/spinal targets (Fig. 8). While connections vary from area to area of
the brain, layer 2 cells often project to other ipsilateral cortical areas, layer 3 cells
project to the contralateral cortex, and layer 6 cells project to the thalamus [36]
(Fig. 9). Additionally, the number of synapses per individual are markedly more
in humans than rodents across cortical layers [8].
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Agranular Frontal Parietal Granular  Polar

Fig. 8. Examples of types of layers of cerebral cortex and their distribution across cortex. The panel
illustrates the layered nature of the cortex, showing the distribution of cell bodies and axons of cells
in the cortex. The thickness in the primary motor cortex (agranular type) is slightly greater than that
in primary somatosensory cortex (granular type). Adapted from [38].

Given all of these characteristics, layer 5 in the motor cortex would be a good
layer to record activity when recording motor intent while layer 4 in the
somatosensory cortex would be a good layer to record neural signals to understand
touch and proprioception from the limbs, among other possible features and body
parts. The sizes of cells in different layers change as well. A large layer 5 cell can
often be the easiest to record and may mask recordings in other layers. Other neural



52 D. Weber et al.

types, such as smaller interneurons, may be important to record, but current
recording methods are limited in their ability to accurately record signals from
smaller cells. Therefore, the diversity of these cells has probably not been fully
appreciated. The reader is referred to a thorough review and breakdown of the
different interneuron cells types [37]. Further, many interneurons are inhibitory.
With current methods the ability to record an inhibitory event on a postsynaptic
neuron is difficult as most neuroprosthetic methods are extracellular and are only
able to record excitatory neuronal activation.

In addition to the layering for vertical organization, there is a horizontal
organization of cells into columns. One of the places that this is most evident is in
the “barrel” field of the somatosensory region of rodents that maps to its whiskers.
The columnar organization forms horizontal short-range connections within the
column that is 300 — 500 um in diameter with approximately 10,000 neuronal cell
bodies [7]. In layer 4, where the sensory signals enter the cortex, the columns
function almost totally independently of each other.
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Fig. 9. The boundaries between the 6 layers of cortex are shown on the left side of the figure.
Excitatory neurons that use glutamate are illustrated and include the afferent input from the thalamus,
pyramidal neurons and spiny stellate (SS) neurons. Perisomatic inhibitory neurons are shown and
include the chandelier (Ch) and large basket (B) neurons. The other inhibitory interneurons
contacting the dendrites are shown and include the small basket (SB), double bouquet (DB),
neurogliaform (Ng) and peptide (Pep) cells. The output targets of pyramidal neurons in different
layers is also shown. (Adapted from [36]).
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While many tend to focus on the primary areas associated with a function (e.g.
primary motor area, primary sensory areas), other supporting areas of the brain for
those particular functions are important as well. A primary output of the layer 5
cells are the corticospinal tracts that control muscle movement in the body (Fig.
10). The corticospinal tract fibers synapse to neurons in the spinal cord at the level
where the muscle is to be controlled. The supplementary motor area, SMA, and
premotor cortex also contribute axons to this tract along with a few other minor
contributors in the cortex. In the case of the motor cortex, the premotor area and
SMA contribute to complex and bilateral motor functions, among other functions
[39, 40]. Much of the fundamental understanding comes from numerous
experimental examples of correlation between the electrophysiological activity of
neurons recorded in M1 (primary motor area and various parameters of movement
including muscle force [41, 42], direction [43], speed [44] and the modulation of
activity with different postures [45-47].

In addition to subcortical structures that will be discussed later, the parietal
cortex and cingulate cortex also have different roles in motor function that may be
associated with learning, intention, and action planning that could be useful targets
for neuroprosthetics [48]. Specifically, the posterior parietal cortex features the
spatial coordinates and the relationship between the body and its surroundings
[49]. A complete model of how all these cortical (and subcortical) structures allows
motor function has not been developed or validated. Future work will be needed
to develop a complete understanding and model. Regardless, these structures allow
for grossly and finely tuned control via neurons coding both low-level muscle
activity and high-level spatial parameters. To enable this well-controlled system,
the motor and sensory (specifically somatosensory) cortices have a large number
of bidirectional interconnections. The close coupling of sensory and motor systems
is a vital component in active sensing that results in improved sensation abilities.
A good example of active sensing is the whisker system of rats that use controlled
motion of whiskers to improve texture discrimination [50].

In terms of sensory input, many of the sensory modalities are similar to each
other in that they use primary and secondary cortical areas to process sensory input
where secondary areas often process the sensory information for more complex
aspects, e.g. for vision, the secondary area would process visual detail and color,
form, motion, 3-D position, etc. Therefore, the secondary sensory areas are often
called association areas of that particular sensory modality. For example, if a
person does not have a somatosensory association area on one side, the result is
difficulty in recognizing the feeling of complex objects or forms on the opposite
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side of the body. The opposite side is due to the decussation of fibers as will be
discussed in the section of the medulla.
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Fig. 10. Descending pathways. The corticospinal tract travels through the medullary pyramids and
most axons cross in the caudal medulla (lateral pathway) while some axons remain uncrossed
(ventral/anterior pathway). Adapted from [31].

The primary somatosensory cortex is divided into four strips parallel to the
central sulcus that receive distinct sensory input modalities: skin, muscle, and
joints. Input to the different sensory cortices mainly comes from the thalamus,
ipsilaterial cortex, or contralateral cortex, but the majority of input will be from the
contralateral side of the body. Except the sense of smell, almost all sensory input
has a waypoint in the thalamus before ascending to cortex. None of the afferents
projecting to S1 (primary somatosensory cortex) are first order sensory neurons;
the information has been relayed across at least 2 synapses with the final projection
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coming from the thalamus [7]. Each sensory modality has a corresponding area in
the cortex (vision = visual cortex, hearing = auditory cortex, somatosensation =
somatosensory cortex, taste = gustatory cortex, smell = olfactory cortex). Some
sensations are projected to multiple areas within the cortex, e.g. the sense of smell
has many targets in the cortex (entorhinal, prepyriform, and pyriform cortices).

Another key feature of sensory systems is the wide dynamic range of these
systems. For example, the automatic gain control of sensory systems is a
distinguishing feature that allows humans to hear a wide range of sounds from faint
voices to an explosion. While not all of the processing is done in the cortex, the
cortex’s role in this is to send descending signals to the thalamus, medulla, or
spinal cord to control the sensitivity of input. A related feature of our sensory
systems is surround or lateral inhibition. The ability of certain neurons to affect
neighboring neurons allows for sharper delineations between sensations allowing
finer resolution.

3.3. Telencephalon — hippocampal anatomy

Many assign the hippocampus with a central role in memory formation. Much of
this association comes from studies of patients with epilepsy that had portions of
their hippocampus removed: they are able to recall previous memories, but they
are unable to form any new memories (anterograde amnesia). While the
hippocampus could be seen as an elongated portion of the cerebral cortex that folds
inward to form the ventral surface of the lateral ventricle, the hippocampus only
has 3 cell layers in some of its areas, rather than the usual 6 of the cortex. From an
evolutionary perspective the hippocampus was probably important in early
decision-making mechanisms, and its role grew from there to include memory
formation of many types, including spatial memory and navigation. Much of the
role of the hippocampus in memory formation is termed consolidation, which
denotes the translation of memories from short-term to long-term memory storage
in the cortex.

Almost any type of sensory input causes activation of at least some part of the
hippocampus. The hippocampus then distributes these outgoing signals to the
anterior thalamus, hypothalamus, and other parts of the limbic system, mainly via
the fornix. Note, the limbic system is a collection of structures across the forebrain
that is largely assigned a role with emotions and memory formation. The main
hippocampal pathway is largely unidirectional. The structure has resulted in many
researchers using the hippocampus (or slices thereof) as a useful model to examine
neuronal function (Fig. 11). Specifically, signals come in along the perforant
pathway from layers Il and III of the entorhinal cortex and synapse on the granule
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cells in the dentate gyrus (DG). These cells form the Mossy fibers that synapse to
CA3 cells. The outputs of these cells form the Schaffer collaterals that synapse to
CAL cells that generate output to the deep layers of the entorhinal cortex (among
other destinations). While only CA1 and CA3 are discussed here, the hippocampus
can be broken into domains CA1-4, where CA4 is often dubbed the hilus or hilar
region within the blade of the DG layer. The CA2 cells are located between CAl
and CA3, and comprise the cells that get input from the perforant path, but not
input from Mossy fibers from the DG.
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Fig. 11. The primary circuit of the hippocampus. (A) Depiction of hippocampus pathways and
neurons and its place in the rodent brain. (B) Block diagram of hippocampal circuit. Entorhinal
Cortex (EC), Dentate Gyrus (DG), Perforant Path (lateral and medial PP), Mossy Fibres (MF),
Schaffer Collateral Pathway (SC). Associational Commisural (AC) Pathway and and Subiculum (Sb)
neurons not illustrated. From [51].

3.4. Anatomy of the basal ganglia

The basal ganglia are a collection of subcortical nuclei, a cluster of neural cell
bodies that form accessory systems to both motor and limbic functions. In the case
of motor function, the basal ganglia work in conjunction with the cerebral cortex
and corticospinal motor control systems. Most of the input to basal ganglia comes
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from the cortex, and most of the output returns to the cortex (Figure 12). Often the
basal ganglia are split into dorsal and ventral components, with the dorsal section
regulating motor function while the ventral division is involved in limbic
functions. The dorsal section consists of the dorsal striatum (caudate nucleus and
putamen), globus pallidus (GP), substantia nigra (SN), and subthalamic nucleus
(STN). The ventral section consists of the ventral striatum (nucleus accumbens and
olfactory tubercle), the ventral pallidum, and ventral tegmental area. While the
basal ganglia are often placed in the telencephalon with the cerebral cortex, some
of the basal ganglia structures are derived from other sections. Specifically, the GP
(part of pallidum) and STN (part of subthalamus) are derived from the
diencephalon and the substantia nigra is derived from the mesencephalon. The
STN is thought to be involved in regulating somatic movements [52] and is the
only nucleus of the basal ganglia that contains glutamatergic neurons.
Additionally, in some cases texts lump the amygdala in with the basal ganglia, and
we will discuss its functions in this section as well. Many of the components of the
basal ganglia can be further split. The GP is composed of two portions, internal
(GPi) and external (GPe) [53]. The SN has a portion called pars compacta (SNpc
or SNc) and pars reticulate (SNpr or SNr).

For motor control, there are predominantly two pathways: “direct” and
“indirect” that act in complementary fashion in the basal ganglia. When the
“direct” pathway is activated, the result is the disinhibition (reduction of inhibition)
of targets to facilitate movement. In the opposite fashion, the active “indirect”
pathway will cause inhibition of targets to hinder movement. The primary targets
of the basal ganglia are the thalamus and cortex. Several disease states can disrupt
this balance to cause hypo- or hyper-kinetic movements. As can be seen in Figure
12 and Table 1, basal ganglia system utilizes many neurotrans-mitters in different
forms to either excite or inhibit certain neural pathways and downstream targets.
In addition to the direct and indirect pathways, a recent hyperdirect pathway has
been shown. The activation of this pathway is thought to facilitate voluntary limb
movement. Through these three pathways, the basal ganglia works in tandem with
the thalamus and cortex to initiate, conduct, and end movements. A deeper
discussion of the extensive signaling pathways inside and outside of the basal
ganglia is saved for other textbooks.

In certain diseases the balance of these pathways can be disrupted, such as in
Parkinson’s disease (PD) or Huntington’s disease (HD). Both diseases are
represented by the accumulation of misfolded protein, alpha-synuclein for PD and
huntingtin for HD. In PD, the exact mechanisms are unknown, but the
accumulation of protein culminates in the degeneration of dopamine neurons in the
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SNpc, resulting in a deficiency in dopamine in the striatum from projections from
the SNpc (nigrostriatal pathway). By the time that PD symptoms first present, over
60% of dopamine neurons are already lost [56] (Figure 13A). The finding indicates
that any future treatments will need early diagnostic tools as well.

A B o« ot
“Direct” and “indirect” pathways. Hyperdirect” pathway
Cortex - — Cortex
(e Foew D
M e
stiawm  [F |+ +
/GABA™ | |_ GABA,
 ENK 3— —=  SP | STN |
7 d M )-— B
o Lo o R Cew
Qo g I
2 - - s
. DA P~
=] GPe__b sve || T ;E +
£ |[(caBA) { GABA e
GPi [SNr \GABA
[STN_ - GPi| SNr
eV S (Y cTH Tt s 5
Thalamus .L(_; Lflr! A
Brainstem Thalamus

Fig. 12. (A) Schematic representation of the basal ganglia under normal conditions [54, 55]. The
striatum receives excitatory (+) inputs from the cortex and excitatory or inhibitory (-) inputs from the
SNc. The direct pathway projects to the GPi/SNr-thalamus-cortex, whereas the indirect pathway
projects to the GPe-STN- GPi/SNr-thalamus-cortex. Output from all nuclei of the basal ganglia
except the STN are inhibitory and are mediated by GABA. The STN is the only nucleus in the basal
ganglia that contains glutamatergic neurons. Activation of the direct pathway leads to cortical
excitation and movement facilitation, while activation of the indirect pathway leads to cortical
inhibition and movement cessation. DA: dopamine, D1: DA DI receptors, D2: DA D2 receptors,
GLU: glutamate, GPe: external segment of the globus pallidus, GPi: internal segment of the globus
pallidus, SNc: substantia nigra pars compacta, SNr; substantia nigra pars reticulate, and STN:
subthalamic nucleus. (B) Schematic representation of the “hyperdirect” pathway. The STN receives
direct excitatory inputs from the cortex and in turn projects to the GPi/SNr — thalamus and cortex.
(+): excitatory. (-): inhibitory, GLU: glutamate, GPi: internal segment of the globus pallidus, SNr:
substantia nigra pars reticulate and STN: subthalamic nucleus.

The degeneration of dopaminergic neurons culminates in the loss of ability to
coordinate movement where tremor, rigidity, and hypokinesia or akinesia may be
present. It is unknown why dopaminergic neurons are acutely vulnerable, but some
postulate that the high-energy demands of these neurons make them more prone to
degeneration. The degeneration is thought to impact both the direct and indirect
pathway (Fig. 13), thereby affecting the starting and stopping of movements,
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resulting in the typical symptoms. Current medical treatments, both
pharmacological and electrical, aim to restore dopamine levels in the striatum. L-
dopa, a dopamine precursor that is permeable to the blood-brain barrier, is often
used to treat PD symptoms by restoring a source of dopamine. Dopamine itself
cannot cross blood brain barrier. Electrical stimulation via DBS is also used to
restore the balance of the direct and indirect pathways. Note, that these treatments
are to treat the symptoms of PD, and do nothing to reverse or stem the continued
degeneration of dopamine neurons.

Table 1. The basal ganglia nuclei: Functional anatomy and pharmacology

Nucleus Output Function Receptors

Striatum GABA Inhibitory (-) NMDA, AMPA, Metabotropic glutamate
receptors, Dy, D,, Adenosine, GABA and

serotonin
Globus Pallidum
GPi GABA Inhibitory (-) NMDA, AMPA, GABA and D,
GPe GABA Inhibitory (-) NMDA, Metabotropic glutamate receptors, D;, D,
and GABA
Subthtalamic Glutamtate  Excitatory (+) NMDA, AMPA, Metabotropic glutamate
Nucleus receptors, Dy, D, and GABA
Substantia Nigra
SNc Dopamine  Excitatory (+) or NMDA and AMPA
Inhibitory (-)
SNr GABA Inhibitory (-) GABA

In the case of Huntington’s disease, many of the neurons affected are
GABAergic neurons in the dorsal striatum. In the early stages of HD, the loss of
neurons projecting to the GPe affects the indirect pathway that results in an
increase of excitatory output to the thalamus and cortex (Fig. 13B). The increase
results in hyperkinetic movements. As the disease progress GABAergic
projections to the GPi are affected as well, and the direct pathway is affected
resulting in symptoms similar to PD.
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Fig. 13. (A) Schematic representation of the basal ganglia under Parkinsonian conditions [54, 57].
Degeneration of nigrostriatal DA neurons decreases striatal output through the “direct” pathway and
increases output through the “indirect” pathway. The end result is increased GABA output to the
thalamus and decreased thalamic glutamatergic output leading to cortical inhibition. Broken arrows
represent decreased neurotransmission, thick arrows represent increased neurotransmission, (+):
excitatory. (-): inhibitory, DA: dopamine, Di: DA D; receptors, D2: DA D2 receptors, GLU:
glutamate, GPe: external segment of the globus pallidus, GPi: internal segment of the globus pallidus,
SNc: substantia nigra pars compacta, SNr; substantia nigra pars reticulata and STN: subthalamic
nucleus. (B) Schematic representation of the basal ganglia under conditions of early Huntington’s
disease conditions [54, 57]. Degeneration of striatal GABA/ENK projection neurons increases GPe
output to the STN leading to inhibition of the STN neurons and disinhibition of GPi/SNr and
thalamus, thereby resulting in cortical excitation. Broken arrows represent decreased
neurotransmission, thick arrows represent increased neurotransmission, (+): excitatory. (-):
inhibitory, DA: dopamine, D1: DA D1 receptors, D2: DA D2 receptors, GLU: glutamate, GPe: external
segment of the globus pallidus, GPi: internal segment of the globus pallidus, SNc: substantia nigra
pars compacta, SNr; substantia nigra pars reticulata and STN: subthalamic nucleus.

In addition to the role that the basal ganglia play in motor control, they have an
important role in limbic (cognitive) functions. Many of the reward pathways of the
brain flow through the ventral tegmental area (VTA) and nucleus accumbens (NA),
utilizing dopamine projections from the VTA to NA. This pathway involves many
other non-basal ganglia structures including the prefrontal cortex, the thalamus,
and amygdala. As mentioned previously, the amygdala is not always classified as
part of the basal ganglia, but the complex of multiple small nuclei that compose
the amygdala will be considered here. The amygdala has many other roles, with
most of its primary outputs being mainly directed towards the hypothalamus as
well as cortical targets, hippocampus, and thalamus. These effects include changes
in visceral organ function (e.g. increase in gastrointestinal motility), movements
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(e.g. raising head, chewing, swallowing,), emotions (e.g. rage, pain, fear), or sexual
function.

3.5. Telencephalon — other noteworthy structures

In addition to the neocortex, there is a region that is termed to be older evolutionary
within the telencephalon, called the paleopallium or paleocortex. This region is
also called the rhinencephalon, meaning smell-brain. The olfactory bulb and
cranial nerve I (the olfactory tract) that route neural signals from olfactory cells to
the brain are outgrowths of the forebrain. The brain also sends out inhibitory
signals to cells in the olfactory bulb to finely tune the sense of smell. Sensation of
smell proceeds primarily via two different pathways with a minor third pathway.
The first is a pathway that routes signals to the medial olfactory area, most notably
the septal nuclei. The second is to the lateral olfactory area that is primarily the
prepyriform and pyriform cortices, along with the cortical portion of the
amygdaloid nuclei. Disabling the medial olfactory area affects primitive responses
to smell, such as licking, salivation, and other smelling of food responses. On the
contrary, disabling the lateral area affects the more complex olfactory conditioned
responses. These sensory inputs proceed straight to the paleocortex without
passing through the thalamus first (as almost all other sensory input does). Another
pathway is a minor pathway, but it does have a small set of fibers that pass through
the medialdorsal thalamus on the way to the orbitofrontal cortex. Newer studies
have shown that the majority of this pathway proceeds directly to the orbitofrontal
cortex. Much more work needs to be completed to understand smell, but the third
pathway probably aids in conscious analysis of odor.

Another collection of structures is the basal forebrain. The basal forebrain is
composed of the nucleus basalis, medial septal nuclei, substantia innominate, and
diagonal band of Broca. The nucleus accumbens is also in the basal forebrain, but
as indicated above, it is considered to be part of the basal ganglia. While there are
many subfunctions of the basal forebrain, its production and distribution of
acetylcholine throughout the brain is the most notable function. Dissemination of
the acetylcholine is thought to have a large role in neuroplasticity as a
neuromodulator that may affect spike timing dependent plasticity. Another
structure that has overlap with the basal ganglia is the claustrum, which some texts
include in the basal ganglia. Much of its function is still not known, but it may act
as a synchronizer of cerebral cortical activity, and therefore it may be a central
player in consciousness and cognition.
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3.6. Telencephalon — fiber tracts

While the sensing side of neuroprosthetics tends to focus on recording signals from
cell bodies, deep brain stimulation (DBS) may impact both cell bodies and fibers
of passage (fiber tracts). These tracts, or white matter, constitute important
pathways in the brain. Additionally, dysfunction in one of the fiber tracts may be
the underlying cause indicating the need for a potential neuroprosthesis. Therefore,
we will briefly discuss a few major fiber tracts. We have already mentioned the
pyramidal (corticospinal) tract to control movement and the nigrostriatal pathway
in the basal ganglia from the SNpc to the striatum. One of the best known pathways
is the corpus callosum that connects the two halves of the neocortex together to
coordinate actions and/or processing. This is an example of a commissural fiber
tract (connections between the two hemispheres). Additionally, the anterior and
posterior commissures facilitate interhemispheric coordination.

Fibers that connect areas within the same hemisphere are called association
fibers, and fibers that lie directly beneath layer VI cells connecting adjacent gyri
are called short association fibers. Therefore, in the rostral — caudal axis, the
arcuate fasciculus, an association fiber tract, forms a part of the superior
longitudinal fasciculus that connects the frontal, occipital, parietal, and temporal
lobes. Other long association fiber tracts of note are the cingulum (connecting parts
of the limbic system and receiving input from the thalamus), external capsule
(cortical-cortical connections), the extreme capsule (bidirectional communication
between Wernicke’s and Broca’s areas), the uncinate fasciculus (connection
between frontal and temporal lobes), and the fornix (main output of the
hippocampus) among others. The last type, projection fibers, are efferent and
afferent connections to lower parts of the brain and the spinal cord. The internal
capsule that provides input and output of the cortex is predominantly composed of
corticospinal tracts and represents a projection fiber tract.

3.7. Diencephalon — anatomy of the thalamus

One of the main areas that the cortex communicates with is the dorsal thalamus,
often referred to as just the thalamus (Fig. 14). With the exception of the thalamic
reticular nucleus, all thalamic nuclei project primarily to the cerebral cortex (layer
IV) with a reciprocal connection from the same portion of the cortex to the
thalamus. In many ways, the thalamus serves as a checkpoint for ascending and
descending information for the cortex [58].

The thalamus is a large collection of different nuclei that are often classified
based on location within thalamus. The thalamus is split into three regions via the
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internal medullary lamina: anterior, medial, and lateral (Fig. 14). Within each of
these regions, there are distinct subnuclei, and each is often associated with a
particular task or signal processing associated with an incoming or outgoing neural
signal. Most nuclei can be paired into one of three categories: relay nuclei,
association nuclei, or nonspecific nuclei [60]. Also, nuclei are classified as first
order if the primary input is from subcortical brain structures and higher order if
the primary input is from the cerebral cortex. Additionally, there is the thalamic
reticular nucleus (TRN, not pictured) that is separated from the dorsal thalamus via
the external medullary lamina. Fibers leaving the dorsal thalamus travel through
and interact with neurons in the TRN before projecting to the cerebral cortex via
the internal capsule[61].
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Fig. 14. Schematic diagram of the primate right thalamus. The major nuclei and some of the relevant
inputs are shown. Inputs into VL from cerebellum and VA from basal ganglia are not shown. Al,
primary auditory cortex; V1, primary visual cortex; S1, primary somatosensory cortex; DL,
dorsolateral; LP, lateral posterior; VA, ventral anterior; VL, ventrolateral; VPL, ventral
posteriolateral; VPM, ventral posteriomedial. Adapted from [59].

A significant portion of the incoming information to the thalamus is sensory
information. Many nuclei are associated with one particular sensory modality
(lateral genicular nucleus (LGN) for vision [62], medial geniculate nucleus (MGN)
for hearing [63], ventral posteromedial (VPM) and ventral posterolateral (VPL)
nuclei for somatosensation [64]) (Fig. 15). In the case of the VPM, it also processes
taste signals [65], and therefore the VPM is mainly associated with input from the
head (both taste and somatosensation) while the VPL is associated with
somatosensation from the rest of the body, relaying leminical and spinothalamic
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signals. As discussed previously, most sensations of smell go straight to the cortex,
but a small fraction of fibers do go to the mediodorsal thalamic nucleus before
proceeding to the prefrontal and olfactory (medial and lateral orbitofrontal)
cortices [66].

Likewise, the thalamus plays a central role in motor coordination, with basal
ganglia and cerebellum acting as a relay for neocortex, basal ganglia, and
cerebellum pathways, between and among those areas (Fig. 16). As previously
noted, different thalamic nuclei can be split into 3 types, depending on their
function. The relay nuclei have well defined inputs from noncortical structures,
tune the signal, and relay it to distinct areas of the cerebral cortex. The association
nuclei predominantly receive input from cortical structures, projecting information
back to cortical structures. Lastly, the nonspecific nuclei, mostly intralaminar and
midline nuclei, project broadly across the cerebral cortex and may be involved in
general functions such as arousal and alertness.

The ventral anterior (VA) and ventral lateral (VL) nuclei are relay nuclei
associated with motor function [67]. Input to these nuclei comes from the basal
ganglia and cerebellum before projecting to the motor areas of the cerebral cortex.
The VL mainly receives input from the cerebellum, but also receives input from
the basal ganglia; its function is associated with motor feedback. The VA’s main
input is from the basal ganglia and its projections to the premotor cortex, including
the SMA, are involved with planning and initiation of movement. Additionally,
several association nuclei including the pulvinar (the largest association nucleus),
lateral posterior (LP), and mediodorsal nuclei receive their primary inputs from
layer V of particular cortical areas [60] and send projections back the cortex. In
parallel with motor functions, limbic pathways also connect to the thalamus,
playing a key role in consciousness and arousal as suggested by the broad
innervation by nonspecific nuclei. Modulatory inputs also include feedback
connections from the cortical area to which the nucleus projects. These feedback
or reciprocal connections, as they are also called, seem to be especially important
and there can be as many as ten times the number of feedback connections as
feedforward connections[68]. Overall, the processing that the thalamus performs
is key to enabling the cortex to pay attention to particular items through filtering
extraneous information.
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Fig. 15. The sensory systems showing major pathways, brainstem nuclei, thalamic nuclei, and
primary processing areas of the cerebral cortex. Visual information from retinal ganglion cells (RGC)
in the eye is transmitted to the lateral geniculate nucleus (LGN) of the thalamus via the optic nerve
(ON). From there, LGN relay cells project via the internal capsule (IT) to primary visual cortex in
the occipital lobe. Auditory information from the cochlea of the ear is transmitted along the auditory
nerve (AN) to the cochlea nucleus (CN) in the brainstem. From there, CN cells form a direct and
indirect auditory pathway to the inferior colliculus (IC). The indirect pathway is via the superior
olivary nucleus (SO). Both pathways converge on the IC via the lateral lemniscus (LL). The IC then
projects to the medial geniculate nucleus of the thalamus. From there, MGN relay cells project via
the IT to primary auditory cortex in the temporal lobe. Somatosensory information from the three
major submodalities is predominantly relayed through the ventral posteriolateral nucleus (VPL) and
the ventral posteriomedial nucleus (VPM) of the thalamus. Dorsal root ganglion (DRG) fibres
carrying information from the body for both touch and proprioception enter the spinal cord and
ascend in the dorsal columns (DC) to reach the dorsal column nuclei (DCN) in the brainstem. From
there, cells in the DCN project to the VPL via the medial lemniscus (ML). DRG fibres carrying
information from the body about temperature and pain ascend in the anterolateral tract (AL) of the
spinal cord and project directly to the VPL nucleus. Somatosensory information from the head enters
the brainstem via the trigeminal nerve and similarly projects to VPM via the trigeminal nuclear
complex (not shown). From there VPL / VPM relay cells project via the IT to primary somatosensory
cortex in the parietal lobe.
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Fig. 16. The relationships between the motor nuclei of the thalamus and the basal ganglia and
cerebellum. The motor nuclei of the thalamus provide access to the cerebral cortex. M1, primary
motor cortex; PMA, premotor area; SMA, supplementary motor area; VA / VL, ventral anterior /
ventral posterior nuclear complex. Adapted from [69].

While most focus on neural firing is concerned with trains of action potentials
or spikes, the thalamic projection neurons have two physiological states: tonic and
burst mode. In burst mode, also called oscillatory mode, cells have an intrinsic
rhythm where the cells respond non-linearly and may by implementing a threshold
function. In burst mode a special class of calcium channels governs rhythmic
depolarization and hyperpolarization (Fig. 17). In tonic mode, neurons respond
much like other neurons to depolarization and hyperpolarization events to
represent the activity of their inputs. During sleep, most of the thalamic neurons
are in burst mode, but it can be seen how the burst mode would be a key feature of
the thalamic ability to filter information.
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Fig. 17. Tonic and burst mode responses of relay cells in the lateral geniculate nucleus of a cat. The
visual stimulus was a drifting grating. The upper histogram plot shows the responses of cells in each
mode. The lower sine wave plot shows the time-varying contrast of the visual stimulus. Responses
in tonic mode (a) faithfully represent the sine wave stimulus whereas in burst mode (b) only the
contrast maxima are represented. Adapted from [70].

3.8. Diencephalon — anatomy of the other thalami

While an in depth review of other structures of the diencephalon will not be
covered, some of the structures are important to cover at a high level. The
subthalamus was already discussed in terms of the subthalamic nucleus (STN) in
the basal ganglia section. The epithalamus has several structures contained under
its umbrella, which is at the posterior part of the diencephalon. The main function
of the epithalamus is to connect the limbic system to other parts of the brain, but
the most notable structure in the epithalamus is the pineal gland. From comparative
anatomy, it is the vestigial remnant of what was a third eye in the back of the head
in some animals. Therefore, it is not surprising that this structure is key in
light/dark rhythms (via suprachiasmatic nucleus and hypothalamus) and the
secretion of melatonin among other chemicals. It also can play a role in modulating
body temperature. In some animals, the inhibitory function of the pineal gland is a
vital part of seasonal reproductive cycle.

The hypothalamus is a significant structure that is the main link between the
brain and the body’s endocrine system. The drive and processing to direct the
endocrine system is through the main bidirectional connections the hypothalamus
has with the limbic system. It is through these varied connections down to the brain
stem and midbrain structures (e.g., pons, medulla), up to other structures of the
diencephalon and cerebrum, or to control the adjoining pituitary gland that the
hypothalamus can play a role in a myriad of body regulation functions including
arterial pressure, water conservation, temperature, and hormones, to name a few
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(Fig. 18). From previous experiments, it should be noted that it is unknown
whether stimulation of particular areas in the hypothalamus is from stimulation of
particular cell bodies or fiber tracts passing nearby. In addition to discrete
regulation of body parameters, stimulation of different parts of the hypothalamus
can affect the limbic system leading to rage, calm, fear, etc.
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Fig. 18. Coronal view of control centers of the hypothalamus. Adapted from [3].

4. Midbrain

4.1. Midbrain anatomy - overview

The midbrain, or mesencephalon, is probably the least discussed of the forebrain,
midbrain, and hindbrain areas. While important to functions of the body, its
physical location between the better known forebrain and hindbrain means that on
occasion some structures of the midbrain get lumped into the forebrain or
hindbrain (e.g., substantia nigra into forebrain). Additionally, the term brainstem
refers to the midbrain and portions of the hindbrain (pons and medulla oblongata)
and is often used instead. The midbrain is often depicted by a horizontal section to
visualize different regions (Fig. 19), but the main components of the midbrain are
the tectum and cerebral peduncles (anything not in the tectum is usually binned in
the peduncles and includes the tegmentum). The tegmentum forms the floor and



Central Nervous System 69

the tectum forms the ceiling of the mesencephalon. In this section, we will cover
some of the midbrain structures to familiarize the reader with some of its important
structures.
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Fig. 19. Diagram of midbrain. The figure depicts a cross-section of the midbrain and its main
structures at the level of the superior colliculus. Adapted from [31].

4.2. Mesencephalon — anatomy of the tectum

The tectum is comprised of the inferior and superior colliculi. A main function of
the superior colliculus is associated with coordinated functions of the eyes. While
higher levels of the superior colliculus take in sensory visual information, the lower
levels deal with motor related activity of the eyes. With this construction, the
superior colliculus is a key player in eye tracking and locking as the head or object
moves. Note that the superior colliculus is referred to as the optic tectum in non-
mammals. In comparison to the superior colliculus, the inferior colliculus
primarily deals with auditory/vestibular input in addition to somatosensory input.
The inferior colliculus receives auditory information from a wide range of auditory
structures including the cochlear nucleus and auditory cortex while projecting to
the MGN. In addition, the input from the lateral lemniscus suggests that the inferior
colliculus (IC) is a significant control center for multimodal sensory information



70 D. Weber et al.

relating to sound and sensation. In this position, it would be a fitting center of how
to best filter information and react to it. Therefore, it is a principal player in the
startle response and vestibulo-ocular reflex.

4.3. Mesencephalon — anatomy of the cerebral peduncles and fiber tracts

The cerebral peduncles include the midbrain tegmentum, crus cerebri, substantia
nigra, and pretectum. The nuclei for cranial nerves III and IV are in the midbrain
tegmentum (see Table 2), but the majority of the peduncles are fiber tracts through
the midbrain connecting other regions to each other, with the crus cerebri being a
large bundle of efferent motor fibers. The several fiber tracts that run through the
peduncles include the corticospinal, corticopontine, and corticobulbar tracts. In
addition, the cerebral peduncles have 3 cerebellar peduncles as well. These are the
communication links between the brainstem and cerebellum that are termed
superior, middle, and inferior cerebellar peduncles. Through its connections, the

cerebral peduncles play a role in motor tasks, including balance and posture.

Table 2. Functions of the Cranial Nerves (adapted from [71])

Cranial Nerve
olfactory (I)
optic (I)
oculomotor (III)

trochlear (IV)
trigeminal (V)

abducens (VI)
facial and
intermediate (VII)

vestibulocochlear
(VIID)
glossopharyngeal
Ix)

vagus (X)

spinal accessory (XI)
hypoglossal (XII)

Functions

Sensory: smell

Sensory: sight

Motor: innervates all extraocular muscles except superior oblique and lateral
rectus, innervates the striated muscle of the eyelid

Parasympathetic: pupillary constriction, accommodation of lens for near vision
Motor: innervates superior oblique muscle

Sensory: mediates cutaneous and proprioceptive sensations from skin, muscles,
and joints in face and mouth, sensory innervation of the teeth

Motor: innervates muscles of mastication

Motor: innervates lateral rectus muscle

Sensory: taste from anterior two-thirds of tongue, sensation from skin of external
ear

Motor: innervates muscles of facial expression

Parasympathetic: innervates lacrimal, mucous, and salivary glands

Sensory: hearing, balance, postural reflexes, orientation of head in space

Sensory: visceral sensations from palate and posterior one-third of tongue, taste
from posterior third of tongue, baroreceptors of carotid arch, chemoreceptors of
carotid body

Motor: swallowing

Parasympathetic: parotid gland innervation

Sensory: visceral sensation from pharynx, larynx, thorax, and abdomen, taste buds
in epiglottis, baroreceptors of aortic arch, chemoreceptors of aortic bodies
Motor: innervates striated muscle in larynx and pharynx and controls speech
Parasympathetic: smooth muscle in heart, trachea, bronchi, esophagus, stomach,
and intestine

Motor: innervates trapezius and sternocleidomastoid muscles

Motor: innervates intrinsic muscles of the tongue




Central Nervous System 71

The midbrain tegmentum, not to be confused with the pontine tegmentum,
contains the red nucleus as well as other structures (e.g. the reticular formation).
Likewise, some texts include the substantia nigra in the tegmentum as well, but the
substantia nigra will not be covered in this section as it was already discussed under
basal ganglia. Notably, the reticular formation and raphe nuclei are a collection of
nuclei that span multiple levels of the brain, and these structures will be discussed
here as well as in the hindbrain section. The reticular formation is composed of
three columns: raphe nuclei (median), magnocellular (medial), and parvocellular
(lateral) (Fig. 20). The reticular formation is involved with vestibular and neck
reflexes while also regulating spinal reflexes. Specific actions of reticulospinal
tracts on reflex activity may be modulated and even reversed during voluntary
movements [72].

Lateral column

Medial column

Median column

Fig. 20. Diagram of approximate locations of reticular formation (columns) in the brainstem. From
[73].

The red nucleus consists of a magnocellular and parvocellular component. The
corticorubral tract as well as branches from the corticospinal tract synapses to cells
in the red nucleus. The red nucleus also receives input from the cerebellum. The
output of the red nucleus is the rubrospinal tract (Fig. 21). The red nucleus serves
as an alternative pathway for routing signals to the spinal cord, but the pathway
seems to be more important in cats and monkeys than humans. The pathways
through the red nucleus as well as descending signals through the basal ganglia,
the reticular formation, and the vestibular nuclei are often termed the
extrapyramidal system which includes the rubrospinal, pontine reticulospinal,
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medullary reticulospinal, lateral vestibulospinal, and tectospinal pathways).
Similar to other motor structures, the red nucleus also contains a motor map
(similar to cortical homunculus) of the muscles of the body, but in lesser detail
than the motor cortex. Since the reticular formation is a loose amalgamation of
cells from many sources, the roles of the reticular formation are varied from motor
control, pain modulation, sleep, consciousness, and cardiovascular function.

Teclospinal and
tectobulbar lracts

Wenlral egmental
decussation

Madial lemniscus
Midbrain

Tectospinal and

Rubrospinal and
tectobulbar tracts P

rubroreticular
{rubro-clivary) tracts

Pans

Lateral reticular

NMedulla
nucleus

Rubrospinal tract
{axons of neuron I}

Fig. 21. Fibers of the rubrospinal tract decussate near their origin, the red nucleus. These neurons
synapse on motor cells in the spinal cord. Fibers of the tectospinal (also called colliculospinal) tract
decussate near the dorsal tegmental decussation and originate in the superior colliculus. The pathway
is responsible for coordinating head, neck, and eye movements. The tectobulbar tracts refer to the
pathways that terminate in the pons or medulla from the superior colliclus.
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5. Hindbrain

5.1. Hindbrain anatomy — overview

The hindbrain (or rhombencephalon) is mainly composed of the myelencephalon
that contains the medulla oblongata and the metencephalon which contains that
pons and the cerebellum. As previously noted, the term brainstem refers to the
midbrain, pons, and medulla with the cerebellum making its own category (Fig.
22). This section will consist of a discussion of those main structures (excluding
the midbrain).

5.2. Metencephalon — anatomy of cerebellum

Much like the basal ganglia, the cerebellum works in concert with other brain
structures to control movement (Fig. 23). The cerebellum sits caudal to the
brainstem, directly below the occipital lobes of the cerebral hemispheres. The
cerebellum’s main function in motor control is to aid planning and timing of motor
activities and to allow smooth transition from one muscle movement to the next
while adjusting for changes in muscle loading conditions, mostly through the
neocerebellum. To accomplish these feats, the cerebellum has many connections
to/from the motor and sensory systems of the body. Therefore, it is not surprising
that the cerebellum comprises 10% of the total volume of the brain, but it contains
almost 80% of the neurons in the brain [2, 74]. The cerebellum can be split into
three lobes: anterior, posterior, and flocculonodular (Fig. 24). The cerebellum has
two hemispheres, and in the lateral to medial direction, the anterior and posterior
lobes can be split into cerebrocerebellum (lateral zone or neocerebellum), medial
spinocerebellum (intermediate zone or paleocerebellum), and a middle strip called
the cerebellar vermis subdivisions (Fig. 24C,D) [74, 75]. The paleoecerebellum is
mainly concerned with fine-tuning movements, using a rich source of
proprioceptive and sensory input. The neocerebellum receives its input from the
cortex via pontine nuclei and projects a wide set of outputs to different non-cortical
regions that are associated with movement. Additionally, in the human, this region
has been shown to have cognitive functions including word associations, solving
puzzles, and sensory discrimination of complex spatiotemporal components [76].
The flocculonodular lobe mostly receives vestibular and other sensations, its
output modulates muscles to coordinate balance and control eye activity to adjust
for the head motion. The oldest part of the cerebellum is primarily concerned with
balance. The intermediate zone and vermis also have a somatosensory homunculus
similar to other brain structures. While the majority of work has tied the cerebellum
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to motor function, studies have indicated that the cerebellum plays a key role in
cognition, language, memory, etc. The specific role of the cerebellum has been
difficult to study since it often provides a parallel processing pathway to refine
tasks.

Regarding the cellular construction of the cerebellum, it consists of two main
neural structures (Fig. 25) [75]. There is an outer sheet of neurons, the cerebellar
cortex (3 layers with the bottommost layer being granule cells and the middle layer
being Purkinje cells), and a set of deep cerebellar nuclei. The neural types are
Purkinje cells (15 million) and granule cells [77]. Additionally, there are
predominantly three types of axons. Mossy fibers and climbing fibers terminate in
the deep cerebellar nuclei as they enter from outside the cerebellum, and parallel
fibers are the axons of the granule cells. Mossy fibers can project to deep nuclei
(excitatory connection), but they also synapse to granule cells whereas climbing
fibers project to Purkinje cells and send branches to deep cerebellar nuclei
(excitatory connection). The main deep cerebellar nuclei is the dentate nucleus
[75], but is joined by the globose, emboliform, and fastigial nuclei as the
predominant source of cerebellar output. Purkinje cell input (inhibitory
connection) from the cerebellar cortex comes into the deep nuclei synapsing to
many large and small nuclear cells.

5.3. Metencephalon — anatomy of pons

Classically considered the middle of the brainstem, the pons serves many
important functions, but the word pons, coming from bridge, denotes a primary
function of white matter tracts to/from the brain. While a portion of the brainstem
was covered in the midbrain section, we will continue our discussion of the key
features of the pons (Fig. 24A). Similar to the midbrain, several cranial nerve
nuclei are in the pons, including V (trigeminal), VI (abducens) , VII (facial) , and
VIII (vestibulocochlear) (see Table 2). Therefore, the pons has a significant role in
coordinating movements regarding the head. Most notably, the cranial nerve nuclei
serve to control the oculomotor system that controls eye movements during rest or
head movement when vestibulocochlear signal would provide input. Also similar
to the midbrain, the pons has the pontine tegmentum, a portion of the reticular
formation (including raphe nuclei), and the cerebellar peduncles pass through the
pons.

One of the main functions of the brainstem (and pons) is to serve as a conduit
of tracts with the peduncles comprising a large portion of the routing to/from the
cerebellum. Additionally, ascending pain signals have synapses in the pons as does
hearing pathways (in the superior olivary complex). Several spinoreticulo and
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reticulospinal loops associated with the reticular formation help in the modification
of nociception. Since the reticular formation is spread out over the brainstem and
the trigeminal nerve nuclei delivers sensations from the face, the boundaries of
where different sensory modalities input into the brainstem are spread out.
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Fig. 22. Dorsal view of cerebellum and brainstem showing gross anatomical features including deep
cerebellar nuclei. The right hemisphere has been removed to show cerebellar peduncles. Adapted
from [74].

The medial (or pontine) reticulospinal tract and the lateral vestibulospinal tract
are the descending pathways that have some cell bodies in the pons (Figure 26 +
Figure 27). The majority of nuclei for the lateral vestibulospinal tract are in the
medulla. The Ilateral vestibulospinal tract and the medial (or pontine)
reticuluospinal tract coordinates muscles for postural stability and locomotion.
The lateral (or medullary) reticulospinal tract affects actions that oppose the medial
(or pontine) reticulospinal tract (Figure 27).

A significant component of the pons is the locus coeruleus (LC), a nucleus that
some classify in the reticular formation. The LC is the main site for production of
norepinephrine (NE) within the brain. Much like other biologic effects of
norepinephrine, the LC has a role in the flight/fight response and stress. To this
end, the LC has a wide range of outputs across all levels of the brain. NE is a
neurotransmitter that can also be a neuromodulator to alter neuroplasticity via
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changes in spike timing dependent plasticity (see previous discussion regarding
acetylcholine production in the basal forebrain).

There are other nuclei that regulate other body functions as well. Respiration,
specifically inhalation versus exhalation is regulated by the pneumotaxic center
while inspiration is regulated via the apneutstic center. In addition to the previous
functions, other pontine nuclei may play a role in bladder control, swallowing, and
sleep, among other functions.
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Fig. 23. Main inputs and outputs of the cerebellum. The schematic (a) shows the flow of information
between the relevant structures. Mossy fibre inputs originate from three main regions and define the
subdivisions of the cerebellum (VC, vestibulocerebellum; SC, spinocerebellum; CC,
cerebrocerebellum). Climbing fibre (CF) inputs originate from the inferior olive and derive from
multiple sources (X) including the spinal cord. Information from the vestibular system (V) is relayed
via the vestibular nuclei. Sensory information concerning position and movement of the body (S)
derives from the ascending spinal cord and trigeminal sensory systems. The anatomical diagram (b)
shows the location of major structures.
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Fig. 24. Overview of cerebellum from two angles. (A,B) Image and diagram of a sagittal section of
the cerebellum along its midline. (C,D) View from caudal viewpoint of the cerebellum. (D)

Homunculus of the cerebellum. Spinocerebellum and cerebrocerebellum are not pictured. Adapted
from [31].
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excitatory inputs from mossy fibre (MF) and climbing fibre (CF) systems. All local circuit neurons
in the cerebellar cortex (Golgi cells, granule cells, basket cells, and stellate cells) are inhibitory.
Purkinje cells are also inhibitory and provide the output system of the cerebellar cortex. Cells in the
deep nuclei provide the output system for the cerebellum. Adapted from [74].
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Fig. 26. The lateral vestibulospinal tract descends ipsilaterally. The medial vestibulospinal tract
descends mainly ipsilaterally and only as far as the upper thoracic spinal cord.
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Fig. 27. The pontine/medial reticulospinal tract projects ipsilaterally to all levels of the cord and runs
medially to the medullary/lateral reticulospinal tract. The medullary reticulospinal tract is largely
from the gigantocellular nucleus and is ipsilateral, but the tract makes some contralateral connections
(not shown).

5.4. Myelencephalon — anatomy of medulla oblongata

The last notable stop in the brainstem before the spinal cord, the medulla oblongata
(or just medulla), is a significant waypoint in information into or out of the brain
(Fig. 24A, B). Similar to the pons, several cranial nerves have their nuclei in the
medulla, namely, IX (glossopharyngeal), X (vagus), XI (spinal accessory), and XII
(hypoglossal) (see Table 2). The fibers from the facial (VII), glossopharyngeal,
and vagus come together to innervate the solitary nucleus that is located in the
medulla. While the solitary nucleus has a role in taste, it also has a large role in
cardio-respiratory functions (mainly via nerves IX, X). Further, these cranial nerve
nuclei and their associated connections with other nuclei in the medulla (some in
pons or midbrain) play a role in digestion, inflammation, chemical balance, blood
pressure (baroreceptors via [X), and many more.
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Fig. 28. Ascending pathways. (a) The dorsal (or posterior) column-medial lemniscus pathway
transmits touch, vibration, and proprioception information to the thalamus. The axons of the first
order neurons run via the fasciculus cuneatus and fasciculus gracilis. Decussation occurs and axons
synapse onto the cunneate and gracile nuclei, occurring in the medulla. (b) The anterolateral system
carries pain and temperature modalities, and projects to the thalamus, pontine and medullary reticular
formation, and superior colliculus (not shown). These axons decussate in the spinal cord. Adapted
from [78].

As has been previously discussed in the pons and midbrain, several nuclei, or
chains thereof, span the medulla. Specifically the reticular formation (Fig. 20),
which includes the raphe nuclei, plays a significant role in somatosensory input,
spinal reflexes, visceral reflexes (coughing/vomiting/sneezing), pain, and control
of autonomic functions. For instance, the cochlear nuclei sit between the medulla
and pons as an important pathway for higher-level hearing structures. Notably, the
dorsal cochlear nucleus is layered while the ventral cochlear nucleus is not.
Another notable nucleus is the inferior olivary nucleus that governs motor control
and is a major source of input to the cerebellum via climbing fibers. The inferior
olivary nucleus then receives inhibitory signals back from the cerebellum.
Additionally, a significant portion of portion of the ascending somatosensory
information synapses to the dorsal column nucleus (gracile and cuneate nuclei) in
the medulla (actually between medulla and spinal cord) and decussates to form the
dorsal column medial lemniscus pathway (Fig. 28). The alternative pathway of
somatosensory feedback includes sensation for pain, heat, cold, crude tactile, and
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itch. This pathway is called the anterolateral pathway and is split into lateral and
anterior components. The input decussates at the level of entry in the spinal cord
and then ascends to the higher structures. Most of the tactile sensations continue
onto the thalamus (spinothalamic) whereas pain sensations synapse to different
nuclei in the reticular formation (spinoreticular). Still other fibers synapse in the
midbrain (spinomesencephalic). While many of the descending pathways were
discussed in the pons section, one additional aspect of the medullary reticulospinal
tract is conveying descending signals for sleep paralysis during REM sleep.

6. Spinal Cord

The spinal cord forms the main communication link between the brain and the
peripheral nerves. It transfers sensory information to various centers of the brain,
conveying the status of body organs (e.g., muscle stretch) as well as exposure to
changes in external environmental factors (e.g., temperature, pressure). It also
carries descending commands from the brain resulting in muscle contractions that
initiate movements or modulate ongoing ones. The spinal cord contains vast
interneuronal networks which process the sensory information prior to its reception
by supraspinal centers and modulate descending commands prior to their transfer
to peripheral nerves. An injury to the spinal cord results in the loss of
communication between the brain and the periphery but the neuronal networks
below the lesion often remain largely intact.

6.1. Spinal cord structure

The spinal cord is a thin long tube that lies within the spinal column (Fig. 29). In
contrast to the cerebrum and cerebellum, the center of the spinal cord forms the
gray matter which is composed of densely located neural cells. Surrounding the
gray matter is white matter, formed of axonal tracts that transfer ascending and
descending information. The spinal cord is the caudal continuation of the
brainstem medulla oblongata and is about 46 cm-long in adult humans. It extends
from the base of the skull and comes to a tapering end (the conus medullaris)
midway between lumbar vertebrae 1 and 2 (L1 and L2). The remaining space from
vertebra L2 to the coccyx is filled with spinal roots, forming what is known as the
cauda equina (horse’s tail). With the exception of the cervical region, the spinal
cord is divided into segments that correspond in number to the spinal vertebrae: 8
cervical (C1-C8), 12 thoracic (T1-T12), 5 lumbar (L1-L5), 5 sacral (S1-S5), and
one coccyx (Col) segment. The cord has two enlarged regions, the cervical and



82 D. Weber et al.

the lumbar enlargements, which correspond to the segments giving rise to the
nerves that supply the upper and lower extremities, respectively.
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Fig. 29. Overview of spinal cord structure (adapted from [79]).

Similar to the brain, the spinal cord is ensheathed by three meningeal layers.
The dura mater is the tough external fibrous sac encapsulating the cord and extends
to the level of the second sacral vertebra. It also ensheaths the spinal roots, which
penetrate through it to form spinal nerves, and fuses with the epineurium of
peripheral nerves. Beneath the dura mater lies the arachnoid layer, the middle of
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the three meninges. The cerebrospinal fluid (CSF) circulates within the
subarachnoid space as well as inside the central canal. The pia mater is the third
meningeal layer and closest to the cord, tightly embracing it and the spinal roots.
Lateral extensions of the pia mater, known as the denticulate ligaments, connect
the cord to the dura mater at several locations. At the caudal end of the conus
medullaris, the pia mater forms the thin filum terminale which descends within the
cauda equina and terminates around the rostral end of the coccyx.

Fig. 30 shows a cross-section of the spinal cord illustrating the various
components seen at each segmental level. Sensory fibers with endings in the
periphery transmit their information to the dorsal root ganglia (located outside the
spinal cord), where their cell bodies lie. The information continues to the spinal
cord through the central axonal projections of the axons, which form the dorsal
roots.
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Fig. 30. (A) Cross-section of the spinal cord with spinal roots. (B) Laminar organization of the spinal
cord gray matter. (C) Branching of Ia sensory neurons upon entry into the spinal cord.

The spinal cord receives sensory (or afferent) inputs from many peripheral
elements which include skin, muscles and joints. This information is heavily
integrated within the neuronal circuits of the spinal cord and the brain and strongly
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affects the motor commands transmitted to peripheral nerves (efferent output). The
major classes of sensory afferents are cutaneous, nociceptive and proprioceptive.
Cutaneous afferents are skin receptors transmitting several sensory modalities
including touch, pressure and temperature. Nociceptive afferents are pain receptors
and are located in soft tissue throughout the body. Proprioceptive afferents are
often referred to as muscle sensors and transmit information regarding muscle
length, stretch velocity and force.

Fig. 30B shows the organizational layers, or Rexed Laminae[80], of the gray
matter within the spinal cord, divided based on the distinct cytological features of
their resident neurons (interneurons and/or motoneurons). Interneurons are densely
located in all laminae and are involved in processing and modulating sensory input
at the local segmental level as well as integrating intersegmental input and
descending input from supraspinal centers. Alpha motoneurons, whose axons exit
through the ventral surface of the cord, forming the spinal ventral roots and
subsequently giving rise to motor nerves in the periphery, are located in laminae
IX of the ventral horn. Alpha motoneurons are known as the “final common
pathway,” as they integrate interneuronal and descending inputs which encode the
motor commands to the periphery. Motor actions of the periphery are directly
related to the action potentials generated in alpha motoneurons. Lamina IX also
contains the cell bodies of gamma motoneurons which innervate the intrafusal
fibers of the muscle spindle and act to modulate the sensitivity of the spindle
depending on the skill level of the motor task [81, 82]. Cell bodies of motoneurons
innervating a given muscle are arranged in the ventral horn in thin, spindle-shaped
columns that span two or three segments and are called motor nuclei, motor
columns, or motor pools[83-85] (Fig. 31A). There is little to no intermingling
between the motoneuronal cells within the motor pools of various muscles. If any
intermingling does occur, it is usually between the cells innervating synergistic
muscles[85, 86]. However, motoneurons have extensive dendritic trees (Fig. 31B).
The dendritic tree of a single motoneuron can span the full extent of the ventral
horn, extend into the white matter, and even project to the contralateral ventral
horn.
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Fig. 31. (A) Organization of 28 motoneuronal pools in the lumbosacral enlargement of the spinal
cord in the cat, the region controlling the muscles of the hind limb. Each cross-section represents a
slice of spinal cord approximately 1 mm thick and the groups of dots refer to the locations of
motoneuron pools in the enlargement; each dot representing a single motoneuron. The dotted lines
approximately mark the rostral margins of the L5, L6, L7 and S1 spinal cord segments. Note that the
cord of the cat has 2 additional lumbar segments and 2 less sacral segments relative to that of the
human. The figure on the right displays the rostro-caudal extent of the motoneuron pools in the
lumbosacral enlargement. The left to right position of each vertical bar reflects the approximate
medial-lateral location of the corresponding motoneuron pool in the ventral horn (not to scale). The
dorsal-ventral arrangement of the pools was ignored since some ventrally-located pools would be
masked by dorsally-located ones. SRT: sartorius; SRTm and SRTa: medial and anterior heads of
sartorius; VM, VL and VI: vastus medialis, lateralis and intermedius; RF: rectus femoris; AdM:
adductor magnus; SMa and SMp: semimembranosus anterior and posterior; TFL: tensor fasciae latae;
EDL and FDL: extensor and flexor digitorum longus; TA and TP: tibialis anterior and posterior;
FHL: flexor hallucis longus; GlutMed and GlutMax: gluteus medius and maximus; ST:
semitendinosus; BFa and BFp: biceps femoris anterior and posterior; CF: caudofemoralis; LG and
MG: lateral and medial gastrocnemius. (Adapted from [87] and [88]). (B) Dendritic tree of a single
motoneuron can extend throughout the ventral horn and into the white matter. Adapted from [89].
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Sensory fibers entering the spinal cord bifurcate and send branches rostral and
caudal to their respective dorsal entry point and synapse on interneuronal cells in
various laminae (Fig. 30 A, C). Some sensory inputs have direct connections with
motoneuronal cells in lamina IX. Branches of one sensory fiber span around three
cord segments. Sensory input is transmitted to supraspinal centers in one of two
patterns. Some fibers, particularly those associated with diffuse sensations like
pain or temperature, branch locally in the dorsal parts of the gray matter and
synapse with second-order (i.e., post-synaptic to the primary afferent fibers) cells
that cross the midline and ascend to the brain in the lateral parts of the white matter
(e.g., the spino-thalamic tract, Fig. 32). Other sensory fibers enter the cord and
branch locally, but instead of synapsing with neurons forming the lateral tracts,
they send a process up the dorsal part of the white matter (the dorsal columns) to
synapse with second-order cells in the medulla. These sensory neurons tend to
innervate structures associated with fine tactile discrimination.

The spinal cord white matter contains ascending and descending tracts
transferring sensory information to supraspinal structures and modulatory
commands affecting motor output. Ascending tracts often have names indicating
the originating and termination points of the fibers, aiding one in identifying their
function (e.g., “spino-thalamic” tracts carrying information from cutaneous
receptors to the thalamic relay centers or nuclei of the brain, and “spino-cerebellar”
tracts carrying sensory information from muscles to the cerebellum). Fibers
descending from the brain to control motor activity in the spinal cord do so in the
ventral and lateral tracts of the white matter. As with their ascending counterparts,
these tracts can be named after their central source (e.g., “cortico-spinal” tract, Fig.
32) but sometimes are named based on morphological features (e.g., “pyramidal”
tract). Descending fibers can synapse directly on motor neurons, but more
commonly synapse on local neurons (interneurons) which interact indirectly
through interneurons with motor neurons. See Table 3 for a summary of the spinal
tracts. Fig. 32 provides a schematic representation of the location of ascending and
descending tracts in the spinal cord and Table 3 summarizes the main features of
select tracts. The location of cells of origin in the spinal cord of some ascending
tracts is shown in Fig. 32A and B. The axons of most ascending and descending
tracts cross to the opposite side along the course of their travel from origin to
termination.
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Fig. 32. Summary of location of some identified neuronal systems forming the ascending tracts of
the spinal cord. (A) filled circle - spinothalamic tract in the cat; open square - spinothalamic tract in
the monkey (adapted from [90]). (B) open circle - posterior spinocerebellar tract; open triangle -
neurons projecting to cerebellum in the cat; filled circle and filled square - anterior spinocerebellar
tract; open square - Ia inhibitory interneurons; half-filled circle - motoneurons (adapted from [90]).
(C) Summary cartoon of ascending and descending spinal tracts in human. Adapted from [91].
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Table 3. Summary of select ascending and descending spinal tracts.
Tract Location of cells of origin Primary site  of Information
termination transferred/ function
Ascending tracts
Anterior Dorsal and intermediate ~ Thalamus, then Crude pressure and
spinothalamic laminae; tract crosses over to  projects to cerebral touch
opposite side cortex
Lateral Dorsal and intermediate ~ Thalamus, then Pain and temperature
spinothalamic laminae; tract crosses over to  projects to cerebral
opposite side cortex
Fasciculus gracilis  Peripheral afferent neurons Gracilis and cuneatus Fine touch, precise
and fasciculus  from skin, muscles, tendons, nuclei in medulla, then pressure, movements
cuneatus (dorsal and  joints from lower projects to thalamus
columns) extremities (gracilis) and upper and subsequently to
extremities (cuneatus); tract cerebral cortex
does not cross over to opposite
side
Anterior Intermediate  and  ventral Cerebellum Proprioceptive input,
spinocerebellar laminae; some fibers cross over necessary for
to opposite side, others do not coordinated  muscle
contractions
Posterior Intermediate laminae; tract Cerebellum Proprioceptive input,
spinocerebellar does not cross over to opposite necessary for
side coordinated  muscle
contractions
Descending tracts
Anterior Cerebral cortex; tract crosses to ~ Ventral horn Coordination of
corticospinal opposite side at the spinal cord precise voluntary
level movements
Lateral corticospinal ~ Cerebral cortex; tract crosses to ~ Ventral horn Coordination of
opposite side at the level of the precise voluntary
medulla movements
Tectospinal Brainstem; tract crosses to  Ventral horn Coordination of head
opposite side movements in
response to visual,
auditory and cutaneous
inputs
Rubrospinal Red nucleus of brainstem; tract ~ Ventral horn Modulation of muscle
crosses to opposite side tone and posture
Vestibulospinal brainstem; tract crosses to Ventral horn Modulation of muscle

opposite side

tone and posture in
response to
movements of the head

Anterior and medial  Reticular formation of  Ventral horn Modulation of muscle

reticulospinal brainstem; tract does not cross tone and sweating
over to opposite side

Lateral Reticular formation of the Ventral horn Modulation of muscle

reticulospinal brainstem; tract does not cross tone and sweating

to opposite side

Cutaneous sensory innervation of the trunk consists of a series of bands,
corresponding to the location at which each spinal root leaves the spinal column
(Fig. 33). Sensory innervation of the skin of the limbs is similarly organized, not
in bands but in patches corresponding to different spinal roots. For the arm,
innervation progresses down the anterior (radial) side of the arm starting with
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segment C5, turns around at the middle of the hand with C7, and progresses back
up the posterior (ulnar) side of the arm to T2, which also innervates the trunk at
the level of the arm pit. A similar pattern occurs in the legs, which are innervated
by segments L2 thorough S2. Each patch of innervation from a single root is called
a dermatome. The innervation pattern of muscles is similarly organized except that,
since muscles typically span more than one dermatome, innervation of a given
muscle normally comes from more than one spinal root. Even so, the nerve supply
for a single muscle always comes from adjacent roots, and there is a regular
progression down the spinal cord of the roots involved as one moves down and
back up the limb. Assessment of sensory and motor maps is used to determine the
locus of injury after spinal cord damage. The extent of functional loss after spinal
cord injury depends predominantly on the level of injury. Continued periodical
assessments of these maps can help evaluate the recovery or further decline of
sensation/motor activity as a function of time after injury, in response to
rehabilitation interventions or due to complications associated with the injury.

6.2. Spinal cord physiology

The spinal cord is often thought of as a passive element of the central nervous
system whose function is limited to transmission of ascending and descending
information. However, the capacity of the spinal cord’s inherent networks to
process and modulate sensory and descending inputs, and to generate their own
motor commands in the absence of both sensory and descending inputs, provide
the primary building blocks of sensorimotor integration. Three types of basic
spinal cord circuitry will be presented below: processing and modulation of pain,
reflexive responses to proprioceptive and cutaneous inputs, and generation of
locomotor rhythm. Other circuitry, such as the networks for bladder control, are
discussed elsewhere.

6.2.1. Pain

Pain is the most distinctive of all sensory modalities. Sharp, acute pain serves as a
protective mechanism against impending injury such as placing the hand on a hot
stove. Pain can also be persistent or chronic. Persistent pain results from direct
activation of nociceptors in soft tissue due to injury resulting in inflammation.
Examples of persistent pain are sprains and strains, arthritis, and tumor invasion of
soft tissue. Persistent pain also results from direct injury to the nervous system.
While sharp pain serves as a warning mechanism, and the origin of persistent pain
can usually be deduced and symptoms treated, chronic pain appears to occur for
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no clear reason and its treatment is far less successful. According to Basbaum and
Jessell [92], chronic pain “appears to serve no useful purpose; it only makes
patients miserable(!).”

ventral dorsal

Fig. 33. The pattern of dermatomes or map of the projection of spinal nerves (usually based on dorsal
root innervation) in the body. Adapted from [93].

The underlying mechanisms of pain perception have been extensively
investigated. We consider here the spinal processing of nociceptive input. Fig. 34
shows the termination of nociceptive afferents, A8 (myelinated) and C
(unmyelinated), in the dorsal horn. Ad fibers transmit sharp pain while C fibers
transmit dull pain. AS fibers terminate with excitatory synapses on projection
neurons (neurons whose axons travel towards the brain) in laminae I and V, thus
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increasing their level of activity. In contrast, C fibers form inhibitory connections
with the inhibitory neurons in lamina II which in turn decreases their level of
activity. Large diameter, myelinated Ao and A3 mechanoreceptors also terminate
on projection neurons of lamina V and inhibitory neurons of lamina II.

descending input from
brainstem (serotonin)

At > /oﬁ
-‘ l . e
Cfiber ¢ \ Seames -([ Cipu inhibitory

interneuron

Aa/AB fiber
s

axon travels
to the brain

Fig. 34. Schematic of the spinal pain processing circuitry initially proposed by the “gate theory” of
pain perception (adapted from [92]).

This connectivity was initially suggested in the 1960s [94] and formed the basis
for the “gate theory” of pain perception. The circuitry allows for the balancing of
nociceptive and nonnociceptive inputs prior to their projection to supraspinal
centers. If noxious stimuli are the dominating input to a given spinal segment, the
projection neurons are directly activated by excitatory connections from the Ad
fibers and indirectly activated by the disinhibition of the inhibitory neurons in
lamina II from C fiber connections. The net result is an increased transmission of
nociceptive input to the brain. However, if the large mechanoreceptors Aa and A3
are activated simultaneously, they will strongly activate the inhibitory neurons of
lamina II which would in turn reduce the activity in the projection neurons of
laminae I and V. Therefore, activity in the large mechanoreceptors “gate” the
transmission of nociceptive input to the brain. This is why rubbing the skin around
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an injured region in the body reduces the intensity of pain perception. Note that
strong descending input from the brainstem can also gate the transmission of
nociceptive input to supraspinal centers by directly activating the inhibitory
neurons of lamina II.

6.2.2. Spinal reflexes

Spinal reflexes are automatic movements produced by motor commands generated
in the spinal cord in response to sensory input from muscle or skin. It was
postulated in the past that coordinated movements are but chains of spinal reflexes,
initiated by sensory stimuli [15]. However, it soon became apparent that patterned
and coordinated movements can be initiated and maintained in the absence of
sensory input [95, 96] (e.g., thythmic locomotion), giving rise to the current
understanding that movements result from the adaptive integration of spinal
reflexes and centrally generated motor commands. Indeed, it is through the
ongoing modulation of motor commands by sensory information from muscle,
joint, or skin that accurate movements are implemented successfully. Similarly,
the level of synaptic transmission through reflex pathways can be modulated by
descending input and spinally-generated motor commands.

Fig. 35 and Fig. 36 demonstrate three types of identified networks of spinal
reflexes. The classical monosynaptic stretch reflex is shown in Fig. 35C. Ia
afferents from muscle spindles (signalling rate of change in muscle length) in a
given muscle have direct excitatory synapses on motoneurons innervating the
homonymous (same) muscle as well as those innervating synergistic muscles
(muscles with similar mechanical action). Each la afferent fiber branches
extensively once entering the spinal cord (Fig. 35A) and makes synaptic
connections with every motoneuron innervating the homonymous muscle. A
reconstruction of the synaptic projections of a la afferent fiber on a motoneuron is
shown in Fig. 35B. In addition to activating homonymous muscles, thereby
causing them to contract and shorten (or resist lengthening), la afferents synapse
indirectly on motoneurons innervating antagonistic muscles (muscles with
opposite mechanical action) through an inhibitory interneuron (not shown in Fig.
35C). This disynaptic pathway forms the basis of reciprocal inhibition and acts to
inhibit the activity in antagonistic muscles, thereby decreasing the amount and rate
of stretch imposed in the homonymous muscle. Reciprocal inhibition is not only
seen in reflex-evoked movements but is also evident during voluntary movements
as the antagonistic muscles relax during the activation of prime movers. This
enhances the efficiency of action of the prime movers as they are not required to
work against the opposing contractions of antagonistic muscles.
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Fig. 35. Spinal reflexes. (A) Pattern of Ia afferent branching in the spinal cord (adapted from [90]).
(B) Reconstruction of Ia synapses on an alpha motoneuron (adapted from [90]). (C) Schematic
depicting the monosynaptic spinal stretch reflex Adapted from [93].

Another spinal reflex that has been extensively studied is the Ib afferent (or
Golgi tendon organ) reflex (Fig. 36B). Ib afferents have their endings in the
tendonous portions of skeletal muscles and convey information regarding the level
of force generated in a given muscle. This information provides the nervous system
with a precise measure of the state of muscle contraction at all times. At rest, the
Ib pathway acts as a negative feedback loop: activation of the Ib sensory endings
inhibits the homonymous muscle through a disynaptic inhibition pathway (Fig.
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36B). However, Ib input to the spinal cord during weight bearing stepping, excites
the motoneurons of homonymous muscles through polysynaptic connections (not
shown) and acts to reinforce the level of tension in antigravity muscles (Fig. 36B).
During locomotion, the disynaptic inhibition pathway is suppressed by descending
input converging upon the inhibitory interneuron. This provides an example of the
commonly seen state-dependent reflex reversal and highlights the malleability of
spinal reflexes and their modulation by descending signals associated with the
motor commands for walking.

Fig. 36A presents the flexion crossed-extension spinal reflex which involves
the coordinated activation of muscles in both limbs. A noxious stimulus to one
limb results in the activation of cutaneous nociceptive afferents which, through a
network of inhibitory and excitatory interneurons, activate flexor motoneurons in
the ipsilateral limb and extensor motoneurons in the contralateral limb. This causes
the ipsilateral limb to flex and move away from the harmful stimulus and the
contralateral limb to extend to support the shift in the center of mass and maintain
postural stability. This spinal reflex further emphasizes the spinal cord’s ability to
process sensory information and generate appropriate motor responses in a large
number of muscles. However, similar to the Ib disynaptic inhibition reflex, the
flexion crossed-extension response is state-dependent. For example, an individual
standing in place receiving a noxious stimulus to the foot reacts automatically by
lifting the perturbed limb and supporting body weight with the contralateral limb.
If, on the other hand, the noxious stimulus is presented to the stance limb during
walking (i.e., limb fully supporting body weight), the flexor excitation in the
ipsilateral limb will be suppressed. This is because flexion in the stance limb, while
the contralateral limb is itself flexed as it undergoes the swing phase of stepping,
will compromise upright posture and balance.

6.2.3. Locomotion

It was thought in the early 1900s that rhythmic movements, especially locomotion,
are composed of chains of proprioceptive reflexes resulting in alternating flexion
and extension movements of the limb [97]. However, this view was disproved by
Graham Brown in 1911 [95] who showed that rhythmic locomotor patterns can
still be generated in completely spinalized and deafferented animals (i.e., animals
which complete spinal transaction and in which all dorsal roots were cut). Graham
suggested that the spinal cord itself is capable of producing rhythmic locomotion
and referred to this capacity as the “intrinsic factor of the spinal cord” [95].
Brown’s theory has since been proven by several investigators. Experiments
conducted throughout the course of the last century demonstrated that the neuronal
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networks necessary for basic rhythm generation reside within the spinal cord [96,
98-102]. However, even though descending and afferent inputs are not necessary
for the production of rhythmic locomotion, in the intact nervous system, tonic

descending input strongly activates the spinal locomotor networks and stepping is
continuously modulated by sensory input.
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Fig. 37. Spinal cord rhythmic locomotor activity in the cat. (A) Rostral-caudal distribution of
rhythmically active interneurons in the lumbosacral region of the cord and segments thought to
exhibit strongest rhythm, or the “leading area” (left). Laminar distribution of rhythmically active
interneurons (right). (B) Basic model of rhythm generation network in the spinal cord. Adapted from
[103].

The location and nature of the spinal locomotor networks have been the topic
of intense investigation [101, 103-109]. The motoneuron pools in the lumbar
enlargement innervating the muscles of the hindlimbs extend from L4 to S1 in the
cat (Fig. 37A, left). During rhythmic behaviours such as scratching and stepping,
rhythmic activity is exhibited in all these pools [87]. Large numbers of
interneurons situated throughout the enlargement also exhibit rhythmic activity
similar to that of the motoneuron pools [109, 110] (Fig. 37A). Rhythmically active
interneurons during fictive stepping were found in the same locations [110].
However, in vivo and in vitro studies in isolated spinal cords involving the use of
pharmacological agents for the induction of rhythmic locomotor patterns
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combined with serial cutting of the spinal cord, suggested that the more rostral
segments of the lumbar enlargement (segments L3 to L5 in the cat) are capable of
generating stronger rhythms than the more caudal segments and are often referred
to as the “leading segments” for locomotor pattern generation [103]. The leading
and caudal segments of the lumbar enlargement are thought to be interconnected
through propriospinal interneurons (intersegmental neurons with myelinated axons
travelling within the white matter) [111]. These interneurons are also thought to
play an active role in coupling forelimb and hindlimb activity in quadrupeds and
upper and lower extremity activity in bipeds during stepping.

The connectivity of spinal neuronal networks and the mechanisms by which
rhythmogenesis occurs have not been identified despite extensive efforts. The most
common model proposed to explain the generation of rhythmic behaviours was
initially proposed by Brown [95]. Brown [95] hypothesized that the main
composition of a spinal locomotor network comprises two systems of interneurons
in each side of the spinal cord, a flexor half-center and an extensor half-center,
which mutually inhibit each other through reciprocal inhibitory connections (Fig.
37B). He suggested that the switching of activity between the half-centers
depended on fatigue of these reciprocal inhibitory connections. Studies conducted
in the 1960s provided support for Brown’s half-center hypothesis [98, 99].
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This chapter provides an overview of the basic anatomical, biochemical,
physiological, and biomechanical properties of skeletal and smooth muscle.

1. Introduction

If cells were mere bags of cytoplasm they would, like soap bubbles, assume a
spherical shape. In most cases cells are not spherical, even when they are separated
from adjacent structures, and this is because they possess an internal skeleton. This
structure is not permanent, however: some elements of the cytoskeleton are
capable of lengthening or shortening, enabling the cell to undergo active changes
of shape. How are such changes accomplished? Some filamentous proteins—actin
and tubulin, for example—can vary their length by adding and subtracting subunits
through a finely regulated process of polymerization and depolymerization. Other
combinations of proteins—now referred to as molecular motors—can bring about
changes of length much more rapidly by using energy from the hydrolysis of ATP
to drive them past one another. Of these systems, one of the most widespread is
based on the combination of actin with myosin.

In muscle cells the filaments of actin and myosin and their associated proteins
are so abundant that they almost fill the interior of the cell. Furthermore they align
predominantly in one direction, so that interactions at the molecular level are
translated into linear contraction of the whole cell. The ability of these specialized
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cells to change shape has thus become their most important property. Assemblages
of muscle cells—the muscles—are, in effect, machines for converting chemical
energy into mechanical work. The forces so generated move limbs, inflate the
lungs, pump blood, close and open tubes, and so on. In man, muscle tissue
constitutes 40-50% of the body mass.

The three major types of muscle are skeletal, cardiac and smooth muscle [67].
Both skeletal and cardiac muscle may be referred to as striated muscle, because in
these types of muscle the myosin and actin filaments are organized into repeating
elements called sarcomeres, which align in register across the cells and give them
a finely cross-striated appearance when they are viewed in a light microscope.

2. The Structure of Skeletal Muscle

Skeletal muscle consists of parallel bundles of fibres. These long, cylindrical,
multinucleate cells tend to be consistent in size within a given muscle, but in
different muscles may range from 10-100 pm in diameter and from millimetres to
many centimetres in length. Much of the cytoplasm of these cells is occupied by
the contractile proteins. These are organized in an extremely regular and tightly
packed fashion and, as a result, this type of muscle is capable of powerful
contractions, around 100 watts per kilogram for human skeletal muscle. (For a
more detailed account of subcellular structure and the molecular basis of force
generation, see [67].)

The price paid for this organization is a limited range of contraction, but
wherever a larger range of movement is required it is achieved through the
amplification provided by the lever systems of the skeleton. These characteristic
attachments give skeletal muscle its name. It is sometimes referred to as voluntary
muscle, because the movements it brings about are often initiated under conscious
control. This is, however, an unsatisfactory term, since many such movements—
breathing, blinking, swallowing, and the actions of muscles of the perineum and
the middle ear are examples—are usually or exclusively driven at an unconscious
level. Skeletal muscle forms the bulk of the muscular tissue of the body.

Each muscle fibre is surrounded by a delicate network of connective tissue,
collectively as known as the endomysium. This forms the immediate external
environment of the muscle fibres. It is the site of metabolic exchange between
muscle and blood, and capillaries together with small nerve branches run in this
layer. Ion fluxes associated with the electrical excitation of muscle fibres take place
through its matrix. The endomysium is continuous with more substantial septa of
connective tissue which constitute the perimysium; this ensheathes groups of
muscle fibres to form parallel bundles or fasciculi. The perimysium carries larger
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blood vessels and nerves and also accommodates sensory structures, the
neuromuscular spindles. The perimysial septa are themselves the inward
extensions of a collagenous sheath, the epimysium. This develops some thickness
and forms part of the fascia that invests whole muscle groups. The epimysial,
perimysial, and endomysial sheaths coalesce where the muscles connect to
adjacent connective tissue structures, such as tendons. The result is to give such
attachments great strength, since the tensile forces are distributed in the form of
shear stresses, which are more easily resisted.

3. Innervation of Skeletal Muscle

Every skeletal muscle is supplied by one or more nerves which form part of the
somatic (as opposed to autonomic) nervous system. In most cases the nerve travels
with the principal blood vessels as a neurovascular bundle, approaches the muscle
near to its least mobile attachment, and enters the deep surface, at a position that
is more or less constant for each muscle.

Muscle nerves are frequently referred to as ‘motor nerves’, but they contain
both motor and sensory components. The major motor component consists of the
large, myelinated axons that supply the muscle fibres; these a-efferents, or a-
motor axons, are among the fastest-conducting nerve fibres in the body. In
addition, the nerve carries small, myelinated y-efferents, or fusimotor fibres, which
form part of the innervation of neuromuscular spindles, and fine, non-myelinated
autonomic efferents (C fibres), which innervate smooth muscle in the walls of
blood vessels. The sensory component consists of the large, myelinated la afferents
from the neuromuscular spindles, the slightly smaller myelinated Ib afferents from
the other major sensory structures, the Golgi tendon organs, and fine myelinated
and non-myelinated fibres conveying pain and other sensations from free terminals
in the connective tissue sheaths of the muscle.

Within muscles, nerves follow the connective tissue sheaths, coursing in the
epimysial and perimysial septa before entering the fine endomysial tissue around
the muscle fibres. Alpha-motor axons branch repeatedly before they lose their
myelinated sheaths and terminate near the middle of muscle fibres. These terminals
tend to cluster in a narrow zone towards the centre of the muscle belly known as
the motor point. Clinically, this is the place on the muscle from which it is easiest
to elicit a contraction with stimulating electrodes.

A specialized synapse, the neuromuscular junction, is formed where the
terminal branch of an a-motor axon contacts the muscle fibre. The axon terminal
gives off several short, curling branches over an elliptical area, the motor end plate.
Under the end plate the membrane of the muscle cell, or sarcolemma, is thrown
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into deep synaptic folds. The arrival of an action potential at the motor end plate
causes the transmitter substance acetylcholine to be released from storage vesicles
into the 30-50 nm synaptic cleft that separates the nerve ending from the
sarcolemma. The acetylcholine is rapidly bound by receptor molecules located in
the junctional folds, triggering an almost instantaneous increase in the
permeability, and hence conductance, of the postsynaptic membrane. This
generates a local depolarization (the end-plate potential). The activity of the
neurotransmitter is rapidly terminated by the enzyme acetylcholinesterase, which
is located in the junctional folds. Because of the extended geometry of the
neuromuscular junction, the end-plate potential is normally several times larger
than is needed to initiate an action potential in the surrounding sarcolemma. This
ensures that excitation is passed with high security to the muscle so that, except
under conditions of extreme fatigue, a muscle action potential is generated for each
nervous impulse. The action potential propagates along the length of the muscle
fibre at about 5 m/s and initiates contraction.

This discrete type of neuromuscular junction is found on all muscle fibres that
are capable of propagating action potentials. Other, less common, types of motor
nerve ending are found on the slow tonic fibres present in the extrinsic ocular
muscles and the stapedius muscle of the middle ear, and in the so-called intrafusal
muscle fibres found inside the neuromuscular spindle.

4. Motor Units and Motor Control
4.1. Motor units and their recruitment

The terminal branches of o-motor axons are normally in a ‘one-to-one’
relationship with their muscle fibres: a muscle fibre receives only one branch, and
any one branch innervates only one muscle fibre. When a motor neurone is excited,
an action potential is propagated along the axon and its branches to all of the
muscle fibres that it supplies. The motor neurone and the muscle fibres that it
innervates can therefore be regarded as a functional unit, the motor unit, which
accounts for the more or less simultaneous contraction of a number of fibres within
the muscle. The actual size of the motor units varies considerably: in muscles that
are employed for precision tasks, such as the external muscles of the eye, muscles
between the fingers, and muscles of the larynx, each motor neurone innervates only
about 10 muscle fibres, whereas in a large limb muscle the ratio may exceed 1000.
Within a muscle, the fibres belonging to one motor unit are distributed over a wide
territory, without regard to fascicular boundaries, and intermingle with the fibres
of other motor units. The motor units become larger when the muscle nerve is
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damaged, because denervated fibres induce sprouting of the surviving axons, and
each new branch can innervate a denervated muscle fibre.

The passage of a single action potential through a motor unit elicits a twitch
contraction that lasts 25—75 ms. However, the motor neurone can deliver a second
nervous impulse in less time than it takes for the muscle fibres to relax. When this
happens, the muscle fibres contract again, building the tension to a higher level.
Because of this mechanical summation, a sequence of impulses can evoke a larger
force than a single impulse, and—within certain limits—the higher the impulse
frequency, the more force is produced. This larger force, evoked by a sequence of
nervous impulses, is called a tetanus. When the firing rate of the neurone is low,
the tetanic force is quite oscillatory. As the frequency rises the contraction becomes
smoother, until it is completely fused. Oscillatory forces are not normally observed
in a voluntary contraction because the force developed at the whole muscle level
is the net result of hundreds of individual motor unit contractions occurring
asynchronously.

A given motor neurone does not usually fire at less than about 8 Hz. On the
other hand, it is unusual to encounter rates of more than 100 or 200 Hz. It is
common, however, to find one or two inter-pulse intervals as short as a few
milliseconds at the beginning of a train of impulses (see §4.3).

The force-frequency relationship is one of the strategies used by the nervous
system to gradate the contraction it elicits from the muscle. The other strategy is
to recruit more motor units. In practice, the two mechanisms appear to operate in
parallel, but their relative importance may depend on the size of the muscle: in
large muscles with many motor units, recruitment is probably the more important
mechanism.

Recruitment is not a random process. Low-level contractions are associated
with low levels of excitation within the spinal cord, and—with only very minor
exceptions—these conditions always produce regular firing of small motor
neurones. As the force increases, motor neurones of larger size become involved,
and the largest motor neurones are activated only when the highest forces have to
be generated. Since large motor neurones have axons of large diameter, which
divide into more numerous branches, the order of recruitment of motor units is in
every sense one of increasing size. This ‘size principle’ was formulated by E.
Henneman et al. [32 - 34] in a series of papers notable for their experimental
elegance and rigour. The important concept is that motor units contribute to
movement and posture in an orderly and predictable way.
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4.2. The fibre types of adult skeletal muscle

With the exception of the rare tonic fibres mentioned earlier, mammalian skeletal
muscles are composed entirely of fibres of the twitch type. These fibres can all
conduct action potentials but they are not the same in other respects. Some fibres
obtain their energy very efficiently by aerobic oxidation of substrates, particularly
of fats and fatty acids. They have a high content of mitochondria and contain
myoglobin, an oxygen-transport pigment related to haemoglobin. They are
supported by a well-developed network of capillaries, which maintains a steady
nutrient supply of oxygen and substrates. Such fibres are well suited to functions
such as postural maintenance, in which moderate forces need to be sustained for
prolonged periods. At the other extreme are fibres that have few mitochondria,
little myoglobin, and a sparse capillary network. Their immediate energy
requirements are met largely through anaerobic glycolysis, a route that provides
prompt access to energy stores but is less efficient and less sustainable than
oxidative metabolism. Such fibres are capable of brief bursts of intense activity,
but these must be separated by extended quiescent periods during which glycogen
and other reserves are replenished.

In many mammals these types of fibre tend to be segregated into different
muscles: some muscles therefore have a conspicuously red appearance, derived
from the rich blood supply and high myoglobin content associated with a
predominantly aerobic metabolism, whereas others have a much paler appearance,
reflecting a more anaerobic character. These variations in colour have been known
for centuries, and ‘red’ and ‘white’ muscles were described clearly more than a
hundred years ago by Ranvier [61].

In man, all muscles are of the mixed variety, in which fibres that are specialized
for aerobic working conditions intermingle with fibres of a more anaerobic or
intermediate metabolic character. These different types of fibre are not readily
distinguished in sections stained by conventional histological techniques, but they
emerge quite clearly when more specialized histochemical techniques are used. An
example is seen in Fig. 1 A. This section has been treated for the demonstration of
an enzyme associated mainly with mitochondria, so that the colour develops most
strongly in fibres that are rich in mitochondria.

On the basis of the metabolic differences that such a technique reveals, it is
possible to classify the individual fibres as red (or oxidative), white (or glycolytic),
and intermediate (or oxidative-glycolytic).

Ranvier also noted that ‘red’ muscles contracted and relaxed more slowly than
‘white’ muscles. The reason for this difference in contractile speed is now well
understood. These types of muscle contain different forms (isoforms) of myosin,
and that part of the myosin molecule known as the myosin heavy chain has a
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profound influence on contractile speed. The different myosin isoforms may be
distinguished histochemically in microscopic sections by means of techniques that
link the enzymatic, ATP-splitting, properties of the myosin heavy chain to a
visualization reaction [10, 29].

Figure 1B shows an example of a muscle section that has been stained for
ATPase activity after being exposed to formaldehyde and alkaline pH [87]. The
dark fibres, which are termed Type 2B, contain a myosin heavy chain isoform that
confers a fast contractile speed. Fibres of intermediate density are classified as
Type 2A, and contain a slightly different ‘fast’ heavy chain. The lightly stained
fibres are classified as Type 1; they contain a myosin heavy chain isoform that
confers a slow contractile speed. There are sufficient structural differences
between the isoforms of myosin that antibodies can be made which distinguish
between them: these antibodies can then be used to label the fibres in a muscle
section by attaching fluorescent or enzymatic markers to them (Fig. 1C, D).

Fig. 1. Light micrographs of serial transverse sections of a rabbit limb muscle, stained
histochemically and by the immunoperoxidase technique to demonstrate differences between skeletal
muscle fibre types. A. NADH tetrazolium reductase, an enzyme associated with oxidative
metabolism. B. Myofibrillar ATPase after alkali and formaldehyde pre-incubation. Fibres that stain
darkly are Type 2B, fibres with intermediate staining density are Type 2A, and fibres that are barely
stained at all are Type 1. C. Monoclonal antibody to fast muscle myosin heavy chains. This antibody
reacts with all Type 2 fibres, irrespective of subtype. D. Monoclonal antibody to slow muscle myosin
heavy chain. This antibody reacts only with Type 1 myosin. Notice that the fibres staining strongly
in D are the ones that stain very lightly in B. Note also in A that there is a considerable spectrum of
metabolic activity, even within fibres of the same type.

In broad terms, Type 1 and Type 2A fibres tend to be predominantly oxidative
in character, whereas Type 2B fibres rely more heavily on anaerobic glycolysis:
e Type 2B fibres are fast-contracting but can sustain only brief bursts of
activity;
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o Type 2A fibres are fast-contracting and capable of sustained activity;
e Type 1 fibres are slow-contracting and capable of sustained activity.
Table 1 summarizes some of the major properties of these basic fibre types.

Table 1. Some physiological characteristics of the major histochemical fibre types.

Characteristics Type 1 Type 2A Type 2B
Function sustained force, as in posture —powerful, phasic movements—
Motoneurone firing threshold low intermediate high

Motor unit size small large large

Firing pattern tonic, low-frequency —phasic, high-frequency—
Maximum shortening velocity slow fast fast

Rate of relaxation slow fast fast

Fatigue sensitivity resistant resistant susceptible
Power output low intermediate high

All classification schemes tend to be oversimplified, for they disregard the
considerable gradation of properties shown by the fibres of a given muscle. They
are, however, convenient for directing attention to particular fibre populations in a
muscle and as a means of describing—and to some extent quantitating—
compositional differences between muscles. Such studies reveal, for example, that
a named muscle may vary in terms of fibre type proportions between individuals
of different age or athletic ability. It will also vary in composition from one species
to another, especially where the normal posture of the limb requires it to perform
a different functional role. Even the properties of the same fibre type vary between
species: broadly speaking, all fibre types tend to be faster-contracting but more
oxidative in small animals and slower-contracting but more glycolytic in large
animals [19].

Although it is often feasible and convenient to classify fibres according to their
content of Type 1, 2A or 2B myosin heavy chains, it is also necessary to recognize
the limitations of such a simple scheme. The nomenclature can be modified to
accommodate fibres that express a mixture of these isoforms, but it must be
elaborated still further if it is to cope with the other isoforms of myosin whose
existence has emerged in recent years [25, 75, 77].

Fibres that belong to one motor unit resemble one another much more closely
than fibres derived from different motor units [15, 22, 56]. This is an important
generality, but in sections of normal muscle, such as that of Figure 1A, it tends to
be obscured by the overlap between different motor unit territories. It emerges
much more clearly in muscles that have been partially denervated: the surviving
axons reinnervate adjacent fibres, producing local aggregations of fibres with very
similar histochemical staining characteristics. This phenomenon is referred to by
muscle pathologists as fibre type grouping. The increased fibre type grouping that
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occurs with advancing age is probably due to a neurogenic process that results in
a progressive reduction in the number of functioning motor units [45].

4.3. Fatigue and the functional significance of motor unit organization

Diversity of muscle fibre properties is an important element in the organization of
the motor system, for it minimizes the possibility of muscle fatigue. Fatigue is the
reduction in force observed when a muscle sustains a contraction or a regular
sequence of contractions. It is usually expressed as a fatigue index, defined as the
fraction (or percentage) of the original force that remains after the test contraction
or series has been conducted for a specified interval.

Motor units that are active for much of the time are composed of slow, Type 1
fibres — the type of fibre that is best suited for sustaining tension without fatigue
for long periods. Motor units that are active only infrequently are composed of
fast, Type 2B fibres — the type of fibre that is best suited to generating powerful
contractions on an intermittent basis. Between these extremes, the Type 2A motor
units cope with routine activity against a background of more continuous postural
tension provided by the Type 1 motor units. Thus the units that are recruited most
frequently have the metabolic capability for sustained use. The units that are
recruited only infrequently have time to replenish their anaerobic reserves between
bouts of activity.

Fatigue can also be deferred if the muscle is activated in an economical way.
Depolarization of the muscle membrane triggers contraction by releasing calcium
ions within the muscle fibre; these calcium ions must then be reaccumulated, a
process that consumes energy. Energy would therefore be conserved if the required
force could be developed and maintained with fewer impulses. In practice this is
achieved in three ways. First, motor units discharge at a rate that correlates closely
with the contractile speed of the muscle fibres: thus, motoneurones innervating
slow muscle fibres fire at lower frequencies than those innervating fast fibres [41].
Second, motor units discharge asynchronously, and as a consequence tension at
the whole muscle level can develop smoothly at lower average impulse frequencies
[60]. Third, individual motor units do not fire at a constant frequency. Fast motor
units, in particular, tend to commence firing at a high frequency, usually in the
form of a double pulse, which produces a rapid rise of tension. The impulse
frequency then declines, but tension is sustained, a phenomenon sometimes
referred to as the ‘catch’ property of skeletal muscle [43].
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4.4. Fibre type transformation and the adaptive capacity of skeletal muscle

Mammalian skeletal muscle is a highly differentiated tissue, and it becomes still
more specialized through the acquisition of distinct fibre type characteristics
(Table 1), yet it has a remarkable capacity for changing these characteristics, even
in adult life. This ‘plasticity’ was discovered by Buller, Eccles & Eccles in the
course of cross-innervation experiments in which they cut and reconnected the
nerves to a fast, white and a slow, red muscle so that each muscle would be
reinnervated by the other’s nerve [14]. Under these conditions a remarkable change
in contractile speed took place, the fast muscle becoming slower-contracting and
the slow muscle faster-contracting.

In order to explain these effects, the authors suggested that the muscles had
responded to the influence of ‘quickening’ and ‘slowing’ chemical trophic factors
transported to them along the motor nerves. There was, however, an alternative
possibility. The nerves to fast muscles carry brief, high-frequency bursts of
impulses, whereas those supplying slow muscles conduct prolonged, low-
frequency trains [21]. The neural influence could therefore have something to do
with these different patterns of impulse traffic in the nerves. Salmons developed
an implantable miniature electronic stimulator, and for the first time it became
possible to impose an artificial pattern of activity on the nerve supplying a fast
muscle and to maintain it for long periods [63]. This led to the discovery that fast
muscles that were stimulated continuously for several weeks at 10 Hz—a pattern
similar to the one normally experienced by slow muscles—developed slow
contractile characteristics [69]. Later it was shown that changes in the pattern of
impulse activity could account fully for the cross-reinnervation experiments of
Buller and his colleagues: on the one hand, chronic stimulation of a fast muscle
via its own nerve made the muscle even slower than reinnervating it with a slow
muscle nerve; on the other hand, chronic stimulation of a slow muscle could
reverse completely the increase in contractile speed that normally took place when
it was cross-reinnervated with a fast muscle nerve [69]. Chronically stimulated fast
muscles resembled slow muscles in more than their speed of contraction; they
acquired a red appearance and a resistance to fatigue that was even greater than
that of slow muscles [69].

The transformation of fibre type induced by increased contractile activity led to
the formulation of the idea of a natural adaptive capacity of skeletal muscle [64,
72]. According to this hypothesis, fibres adapt to sustained high levels of use by
developing properties at the slow, fatigue-resistant end of the spectrum. These
properties are suited to postural activity that involves maintenance of tension but
little change of muscle length: the slow type of myosin is more energy-efficient
under these conditions [3], and a well-developed aerobic metabolism provides the
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capacity for generating ATP on a continuous basis. Fibres that are less active
retain, or revert to, a native fast state. Their properties are suited to dynamic
activity, for which instantaneous power is more important than endurance. The
concept emerges of a machine that can optimize its properties to suit the type of
work most often demanded of it [64]. Thus muscle properties remain finely tuned
throughout adult life through the ability to adapt continuously to changing
conditions of use.

4.5. The difference between voluntary activation and electrical stimulation

From the viewpoint of a muscle fibre, the action potential received at its
neuromuscular junction looks the same whether it is generated physiologically by
the motor neurone or artificially by electrical depolarization of a segment of the
motor nerve. The same is true whether the electrodes are placed on the nerve or on
the muscle itself; in the latter case it is the intramuscular nerve branches that are
excited preferentially, and these then activate the muscle fibres.

The physics of current flow in nerves dictates that large axons will be
depolarized more readily by an electrical stimulus than small ones. If the force
exerted by the muscle is gradually increased by raising the stimulus intensity from
a subthreshold level, there is a tendency for the largest axons, corresponding to the
largest motor units, to be excited first. This represents an inversion of the natural
order of recruitment, and it has important functional consequences.

Inversion of recruitment order means that, even at submaximal intensities, the
largest motor units — those least resistant to fatigue — are always in use.
Moreover, electrical stimulation excites all motor units at the same frequency and
synchronously, resulting in a contraction that is grossly oscillatory unless the
frequency of stimulation is raised, further increasing the energy expenditure of the
muscle. Thus the strategies used by the motor system to minimize fatigue are lost
when a muscle is activated by electrically stimulating its motor nerve. In view of
the increasing interest in clinical applications of electrical stimulation, it is
important to overcome these drawbacks, and progress has been made in a number
of directions, as described elsewhere in this volume.

These measures alone will not overcome all the problems of fatigue resulting
from electrical stimulation, for two reasons. Firstly, in practice the so-called
inversion of recruitment order is far from precise, and it may be more accurate to
speak of disorderly recruitment. Secondly, a special situation arises when electrical
stimulation is used to activate the muscles of individuals who have been paralysed
by spinal cord injury. Where such an injury is of several years’ standing, the
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muscles would have undergone a progressive adaptation to disuse, and 80-100%
of the fibres would be of the fatigue-susceptible type [28].

It is the natural adaptive capacity of skeletal muscle that offers the main solution
to these problems. Over an extended period, the changes induced by chronic
stimulation enable the muscle to support sustained work without fatigue because
they decrease the energy needed for contraction while they increase the capacity
for generating that energy through aerobic routes. Thanks to this remarkable
property, even the most energetically demanding of the clinical applications of
electrical stimulation currently envisaged have now become feasible [68, 71, 85].

4.6 Denervation and disuse atrophy

Denervation occurs when the motor nerve is damaged by trauma or disease. It leads
to atrophy of muscle fibres. Because motor unit territories overlap, and the
corresponding muscle fibres intermingle, the atrophic fibres may occur singly or
in small groups, and are compressed into angular shapes by the adjacent normal
fibres. Note that the term atrophy simply refers to a reduction in size, although it
is often used mistakenly to describe degenerative processes involving necrosis, or
cell death. In man, disuse of muscles for 1 - 4 months leads to the atrophy of fast
and slow muscle fibres [37, 74]. Longer term disuse caused by disease or injury
results in the preferential atrophy of fast fibres [12].

5. Form and Function in Skeletal Muscles

5.1. Naming of muscles

The names given to individual muscles reflect the great variety they show in shape,
size, number of heads or bellies, position, and action. It is helpful to know the
meaning of some of the terms used.
Shape: deltoid (=triangular), quadratus (=square), rhomboid (=diamond-
shaped), teres (=round), gracilis (=slender), rectus (=straight)
Size: major, minor, longus (=long), brevis (=short), latissimus (=broadest),
longissimus (=longest)
Number of heads or bellies: biceps (=2 heads), triceps (=3 heads), quadriceps
(=4 heads), digastric (=2 bellies), biventer (=2 bellies)
Position: anterior, posterior, interosseus (=between bones), supraspinatus
(=above spine of scapula), infraspinatus (=below spine of scapula), dorsi (=of
the back), abdominis (=of the abdomen), pectoralis (=of the chest), brachii
(=of the arm), femoris (=of the thigh), oris (=of the mouth)



116 B. R. Kondiles et al.

Depth: superficialis (=superficial), profundus (=deep), externus (or externi),

internus (or interni)

Attachment: sternocleidomastoid (from sternum and clavicle to mastoid

process), coracobrachialis (from the coracoid process to the arm)

Action: extensor, flexor; abductor, adductor; levator (=lifter), depressor;

supinator, pronator; constrictor, dilator

These terms are often used in combination: thus, flexor digitorum longus

(=long flexor of the digits), latissimus dorsi (=broadest muscle of the back).
The names should not be taken too literally. A given muscle may play different
roles in different movements, and these roles may change if the movements are
assisted or opposed by gravity.

5.2. Fibre architecture

In addition to their variation in shape, muscles differ in the predominant orientation
of their fibres relative to the direction of pull. In some muscles the fibres are
arranged largely parallel to the line of pull. The overall shape of the muscle may
be flat and short (e.g. thyrohyoid) or long and straplike (e.g. sternohyoid, sartorius)
but in either case individual fibres may run for its entire length. In a fusiform or
spindle-shaped muscle, the fibres may run parallel in the ‘belly’, but converge to a
tendon at one or both ends. Much more common are those muscles in which the
fibres are oblique to the line of pull. The important term here is pennate (from the
Latin penna = ‘wing’) or the alternative pinnate (from the Latin pinna = ‘feather’).
In a unipennate muscle, such as flexor pollicis longus, the fibres would typically
pass at an oblique angle from fascia continuous with the tendon to the bone. The
angle between the fibres and the axis of the tendon is known as the angle of
pennation. In a bipennate muscle (e.g. rectus femoris, dorsal interossei) the
tendinous fascia is in the centre of the muscle, and the fibres diverge from it in a
symmetrical fashion. Various spiral arrangements may also be encountered.

5.3. Functional implications

Muscles that are organized symmetrically, such as strap, fusiform, bipennate and
multipennate forms, exert tension along the line of the tendon. Unipennate forms
generate a lateral component of force which is balanced by intramuscular pressure
[88]. Muscles that incorporate a twist in their geometry unwind it as they contract,
so that their action brings the attachments not just closer but also into the same
plane. Similarly, muscles that spiral around a bone tend to reduce the spiral on
contraction, imparting rotational force.
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The force developed by an active muscle depends on the amount of contractile
machinery that is assembled in parallel, and therefore on the cross-sectional area
of the muscle. Fibre size itself is unimportant: if the fibres are small, the force will
be influenced only to the extent that more of the cross-sectional area will be
occupied by non-contractile elements, such as endomysial connective tissue;
similarly, if there are many small fascicles this will increase the amount of
perimysial connective tissue in the cross-section.

In vertebrate muscle, the internal construction of the sarcomeres limits the
amount of shortening that can take place to about 30%. Since the sarcomeres are
arranged in series, the muscle fibres shorten by the same percentage, and the actual
range of contraction will depend on the number of sarcomeres in series—i.e., it
will be proportional to fibre length.

Muscles in which the fibres are predominantly parallel to the line of pull are
often long and thin. Such muscles develop rather low forces, but are capable of a
long range of contraction. Where greater force is required, the cross-sectional area
must be increased, and the pennate type of construction is a way of achieving this
in a compact way. The range of contraction produced by such a muscle will be less
than that of a straplike muscle of the same mass, because the fibres are short and
because a smaller fraction of the shortening takes place in the direction of the
tendon. The obliquely directed force can be resolved vectorially into two
components, one acting along the axis of the tendon, and one at 90° to this. The
functionally significant component is the one that acts along the tendon axis which
provides less force than is developed by the fibres themselves. Thus angulation of
a set of fibres is not, of itself, advantageous: it reduces both the force and the range
of contraction along the axis of the tendon. These negative consequences are,
however, outweighed by the design advantage conferred by pennation, which is
the opportunity it affords to extend the area available for attachment of muscle
fibres. A given mass of muscle can then be deployed as a large number of short
fibres, increasing the total cross-sectional area, and hence the force, available. In a
multipennate muscle, the effective cross-sectional area is larger still, and the fibres
tend to be even shorter. The ‘gearing’ effect of pennation on a muscle thus results
from the internal exchange of fibre length for total fibre area, which allows much
greater forces to be developed, at the expense of a reduced range of contraction.

Although the terms power and strength are often used interchangeably with
force, they are not synonymous. Power is the rate at which a muscle can perform
external work and is equal to force times velocity. Since force depends on the total
cross-sectional area of fibres, and velocity — the rate of shortening — depends on
their length, power is related to the total mass of a muscle. Strength is usually
measured on intact subjects in tasks that require the participation of several
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muscles; it is then as much an expression of the skilful activation and coordination
of these muscles as it is a measure of the forces that they contribute individually.
Thus it is possible for strength to increase without a concomitant increase in the
true force-generating capacities of the muscles involved, especially during the
early stages of training [40].

5.4. Muscles and movement

5.4.1. Actions of muscles

Contraction can be considered as an attempt on the part of the muscle to
approximate its attachments. Whether it actually does so depends on the degree to
which it is activated and the forces against which it has to act. These opposing
forces are: gravitational and inertial forces; forces generated actively by opposing
muscles; and forces generated passively by the elastic and viscous resistance of all
the structures that undergo extension and deformation — some within the muscle
itself, others in joints, inactive muscles and soft tissues. Depending on the
conditions, therefore, an active muscle may maintain its original length, shorten,
or lengthen, and during this time its tension may increase, decrease, or stay the
same. Movements that involve shortening of the active muscle are termed
concentric; movements in which the active muscle undergoes lengthening are
termed eccentric.

Natural movements are accomplished by groups of muscles. Each muscle may
be classified, according to its role in the movement, as a prime mover, antagonist,
fixator, or synergist. It is usually possible to identify one or more muscles that are
consistently active in initiating and maintaining a movement: they are its prime
movers. Muscles that wholly oppose the movement, or initiate and maintain the
opposite movement, are antagonists. As an example, brachialis has the role of
prime mover in elbow flexion; triceps is the antagonist. To initiate a movement, a
prime mover must overcome passive and active resistance and impart an angular
acceleration to a limb segment until the required angular velocity is reached; it
must then maintain a level of activity sufficient to complete the movement.
Antagonists may be transiently active at the beginning of the movement; thereafter
they remain electrically quiescent until the deceleration phase, when units are
activated to arrest motion. During the movement, the active prime movers are not
completely unrestrained, being balanced against the passive, inertial and
gravitational forces already mentioned.

When prime movers and antagonists contract together they behave as fixators,
stabilizing the corresponding joint, and creating an immobile base on which other
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prime movers may act. As an example, flexors and extensors of the wrist co-
contract to stabilize the wrist when an object is grasped tightly in the fingers.

A prime mover, acting across a uniaxial joint, produces a simple movement.
Prime movers that act at multiaxial joints or cross more than one joint may produce
more complex movements, containing elements that have to be eliminated by
contraction of other muscles. These muscles, which assist in accomplishing the
movement, are considered to be synergists, although they may act as fixators, or
even as partial antagonists of the prime mover.

In the context of different movements, a given muscle may act as a prime
mover, antagonist, fixator or synergist. Even the same movement may involve a
muscle in different ways if it is assisted or opposed by gravity. For example, under
normal conditions when thrusting out the hand, triceps is the prime mover
responsible for extending the forearm at the elbow, and the flexor antagonists are
largely inactive. However, when the hand lowers a heavy object the extensor action
of the triceps is replaced by gravity, and the movement is controlled by active
lengthening of the flexors. This example should remind us that all movements take
place against the background of gravity, and its influence must not be overlooked.

5.4.2. Attachments and levers

Skeletal muscles have a limited range of contraction, for two reasons. Firstly, the
fibres themselves must work within inherent limits imposed by their sarcomeric
construction. Secondly, the internal design of many muscles can reduce the
excursion at the tendon still further if short, oblique fibres have been used to deliver
force at the expense of range of contraction. Where it is necessary to produce a
greater range of movement, this is achieved through the action of the muscles on
the bony levers of the skeleton.

To produce a large range of movement, force has to be applied close to the axis
of the joint. The closeness of the muscle attachment to the joint produces a large
arc of motion; however, the motion can then be resisted by a force very much less
than that developed by the muscle. In fact, the force available at any point is
reduced by the same factor as the range of motion there is increased. In most cases
the muscular force is applied close to the joint, either on the opposite side of the
joint axis to the load (first class lever) or on the same side (third class lever). A less
usual configuration is for the load to be closer to the joint axis than the force
(second class lever). In this case the range of motion of the load is actually less
than that produced by the muscle, and the force is multiplied by the same factor.
The nutcracker action of molar teeth is obtained in this way.
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Many muscles work from a more stable attachment to a more mobile one. The
stable attachment, which would normally be part of a heavier and more proximal
structure, is commonly referred to as the origin; the more mobile attachment,
which would typically be lighter and more distal, is referred to as the insertion.
Thus, in a muscle such as latissimus dorsi, the attachments to spine, pelvis and ribs
constitute the origin, and the tendinous attachment to the highly mobile humerus
constitutes the insertion. For other muscles, such as rectus abdominis, it is less easy
to identify the more mobile attachment. It would not, therefore, be functionally
meaningful to try to define an ‘origin’ and ‘insertion’ for every muscle.

6. Anatomy and Physiology of Smooth Muscle

Efforts to understand the physiology of the smooth muscles can be traced back to
Engelmann’s work in 1869 [24], when he reported on his electrophysiological
experiments on the smooth muscles of the rabbit’s ureter [7]. Since then, numerous
research studies have focused on further understanding the anatomy and
physiology of the smooth muscles as well as their relevant pathologies. In recent
years, rapid technological developments have ushered in neuroprosthetic
approaches as novel treatments of pathological conditions and disorders associated
with smooth muscles.

Smooth muscles are found in many organs and structures throughout the body.
Table 2 gives a brief overview of the structure and role of some examples of
smooth muscles. For the most part, contraction of smooth muscles controls the
diameter of an organ and moves contents inside the organ [80].

In smooth muscle cells the contractile elements are oriented in non-regular
patterns, and are linked across multiple cells via connective tissue, allowing
contraction to be conveyed across multiple cells [4] (Figure 2). In general, smooth
muscle cells are mononuclear and are arranged such that the tapered end of one
cell lies adjacent to the wide middle of the next cell, allowing for tight packing
[80] (Figure 3). Inward folds in the cell membrane, known as caveoli, increase the
surface area of the cell membrane, allowing for greater regions of ionic exchange
[4]. The basic filaments of contraction in smooth muscles are the thin filaments,
made up of actin and tropomyosin, and the thick filament, myosin. Thin filaments
are present in higher concentration than thick filaments [4]. Many different
cytoskeletal proteins form intermediate filaments [76], which are connected to the
thick and thin filaments and the cell membrane at the dense bodies and dense areas
[4] (Figure 2). Dense bodies and areas are attachment sites, against which filaments
produce contraction force [1, 6].
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Table 2. Examples of body systems and structures with smooth muscle components

Organ or Structure Arrangement and Function

Iris Surrounds pupil; responsible for dilation and constriction; receive
sympathetic and parasympathetic innervation

Airway Single unit cells in bronchi and trachea are arranged helically to
constrict airway; receives neural and hormonal input

Arrector Pili Attaches hair follicle to connective tissue; contraction causes hair
erection; receives sympathetic input

Lymphatic Vessels Maintain tone and contract rhythmically to propel lymphatic fluid;
receives neural, hormonal and mechanical (e.g., lymph flow and
pressure) inputs

Gastrointestinal Tract See section 7.1
Cardiovascular Vessels See section 7.2
Urinary Tract See section 7.3

Penis Involved in movement and ejaculation of semen, erectile function,
and urination; receives parasympathetic and sympathetic innervation.
Smooth muscle is in structures including the testes, epididymis,
seminal vesicles, and prostate

Uterus Allows for expansion and contractions; mainly hormonal control
with no innervation

Refs: [4, 9, 17, 57, 80, 86, 89]

Innervation (neurogenic control), hormones, and adjacent cells (myogenic
control) can control contraction in smooth muscles (Figure 2) [4]. Neurogenic
control is mainly through the autonomic nervous system, which includes the
sympathetic and parasympathetic branches. In addition, the gastrointestinal tract is
innervated by the enteric system [4]. Neurotransmitters can either induce
contraction or cause relaxation [4]. Hormones that circulate in the blood can
diffuse to act on receptors on the surface of smooth muscle cells [4]. Finally, some
smooth muscle cells exhibit intrinsic oscillatory activity, which can affect
contraction. Special classes of smooth muscle cells, called atypical smooth muscle
cells or pacemaker cells, generate rhythmic electrical activity that is conveyed to
adjacent cells via gap junctions between their membranes [5].
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Fig. 2. Architecture of smooth muscle. Gap junctions transmit action potentials to adjacent cells
forming a single unit. Multiunit smooth muscle cells are not electrically coupled. Thick and thin
filaments attach at the dense body and dense areas to transmit contractive forces across the network
of cells. Both innervation and hormones can increase intracellular calcium in smooth muscle.

Single unit smooth muscles are many smooth muscle cells that are connected
via gap junctions. Changes in resting membrane potential and action potentials
travel directly across multiple cells via the gap junctions, allowing for coordinated
contraction (Figure 2). Multiunit smooth muscles do not possess many gap
junctions; thus they are not as electrically coupled as single unit smooth muscles,
and action potentials in one cell do not necessarily trigger action potentials in
adjacent cells [4].
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a) Single unit smooth muscle - relaxed
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Intermediate filament Caveloae
Fig. 3. Smooth muscle cells are tightly packed, and contraction of the thick and thin elements is
conveyed across the cytoskeleton.

In smooth muscles contraction can occur with or without an action potential,
and is driven by increased concentrations in intracellular calcium. Calcium ions
induce morphological shifts in the myosin fibers that are necessary for their
interaction with actin fibers. The energy for cross-link formation between thin and
thick filaments is derived from the hydrolysis of ATP [53]. Nonetheless, because
smooth muscles must maintain long periods of contraction, once force is generated
by cross-linking, it may not be ATP dependent, but instead may rely on calcium
concentrations, phosphorylation state, and a unique contraction cycle [53]. The
“latch-bridge” hypothesis presents the idea that once a cross-bridge is formed,
dephosphorylation of myosin actually decreases the likelihood of its detachment
[54]. Tropomyosin may bind together multiple actin fibers for multiple myosin
binding sites [54]. Furthermore, the structural network of the contractile elements,
cytoskeletal elements and attachments to the extracellular matrices in smooth
muscle allows for force to be generated and distributed across the cell [79] (Figure
3). Thus, the cycling pattern and structure of smooth muscle allows cells to
generate sustained contraction without significantly increasing energetic demands.
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7. Examples of Smooth Muscle Systems

The following sections focus on smooth muscle systems that may benefit from
electrical stimulation interventions, as described elsewhere in this volume. These
are the smooth muscles in the gastrointestinal (GI) tract, the smooth muscles
controlling cardiovascular vessel constriction and dilation, and the smooth muscles
in the urinary tract.

7.1 Smooth muscles of the gastrointestinal tract

In general, two layers of smooth muscle, the inner circumferential and outer
longitudinal, make up the smooth muscle of the hollow structures of the GI tract
[4] (Figure 4). In the esophagus these muscle layers thicken at the junction with
the stomach [80]. The lower esophageal sphincter is formed by bands of muscle
from the esophagus and the longitudinal bands of the stomach. The stomach also
has an additional inner oblique layer of muscles [80]. The pyloric sphincter is
formed by the circumferential layer of the stomach at its most aborad (in the
direction away from the mouth) point, and it expels the contents of the stomach
into the small intestine [80]. The small intestine is split into three components: the
duodenum, jejunum and ileum [80]. A thin longitudinal layer and thick
circumferential layer make up the outer muscular layer of the small intestines,
while an inner circular and longitudinal layer (the muscularis mucosae) extend
muscle fiber projections into the villi, the projections into the lumen [80]. The large
intestine is divided into the caecum, ascending, transverse, descending and
sigmoid colons. For most of the large intestine, the longitudinal smooth muscle
layers are divided into three bands, the taenia coli [80]. Finally, the rectum and
anal canal lead to the internal and external anal sphincters. The smooth muscles of
the inner sphincter are helical in shape, and the external sphincter muscle is striated
and under voluntary control [80].

In general, the role of smooth muscle in the GI tract is to propel and mix its
contents [4]. For example, in the esophagus, primary and secondary peristalsis are
triggered by reflexes and the mechanosensation of distension caused by a bolus of
food. The waves of muscle constriction above the bolus and relaxation below
propel the bolus towards the stomach where gastric motility serves to mix and
break down the contents with digestive enzymes [4]. In addition to the directional
muscular movement, the valves and sphincters throughout the GI tract serve to
prevent back flow of contents.
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Fig. 4. General structure of smooth muscle in the GI tract. The myenteric plexus lies between the
inner circumferential layer and outer longitudinal layer.

The semi-autonomous enteric nervous system regulates much of the activity of
the GI tract [4]. In general, parasympathetic and sympathetic innervation, and
intrinsic and extrinsic hormones can alter the speed of oscillatory activity [5].
Innervation from the enteric nervous system is responsible for low-level constant
contraction, as well as peristalsis [80]. As a division of the enteric system, neurons
of the myenteric plexus lie between the longitudinal and circumferential smooth
muscle layers of the entire GI tract (Figure 4). Multiple additional circuits,
including the submucosal plexus, also process signals including extrinsic input and
internal sensory input and alter propulsion and mixing accordingly [4, 30].

The smooth muscles of the GI tract are mainly single units, meaning they are
electrically coupled. In general, the cells of the inner circumferential layer are more
closely coupled than the outer longitudinal layer [80]. This coupling serves to
coordinate contraction to propel contents effectively through peristalsis. The
circuits of the GI tract activate muscle cells in a directional pattern, causing
coordinated excitation and contraction with a broad inhibition and relaxation [30].
Interstitial cells of Cajal (ICC) are also found within the two muscle layers and
serve to control slow oscillations in the resting potential of smooth muscle cells,
which cause weak contractions [4]. Even at the troughs of these oscillations,
smooth muscles maintain some slight contraction. Action potentials can occur at
the peak of these slow oscillations and induce a stronger contraction [4].
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7.2. Smooth muscles of cardiovascular vessels

The musculature of the vascular system serves a different function than that of the
GI tract. This difference is reflected in the structural and physiological differences
between the two systems.

In the vasculature, the smooth muscles are one component of a layer, called the
media, which surrounds the innermost layer of the vessel, the endothelium. The
outermost layer of cardiovascular vessels, the adventita, includes the nerves. In
general, arteries exhibit robust and thick smooth muscle layers. There are two main
types of arteries, the elastic and muscular. In elastic arteries, the smooth muscle
cells are layered with collagen and elastin, to accommodate large volumes of
blood. In the muscular arteries, the muscle layers are circumferential and helical
and make up the majority of the media layer [80]. In contrast to the highly muscular
arteries, smooth muscle is thinner in veins [80]. Veins under 50 pm typically do
not have musculature, and musculature is also absent in capillaries [80].

Changes in the contractile elements of smooth muscle result in the control of
blood pressure via the maintenance of resistance against the blood. The smooth
muscle cells have also been implicated in the production of extracellular matrix
and repair of the arteries following injury or disease [44].

In general, changes in intracellular calcium are more dependent on ligands than
changes in voltage in the smooth muscles of vessels [4]. For example, the
endothelium can signal changes in contraction and relaxation via substances such
as prostacyclin [4]. Nonetheless, smooth muscle of the vascular system is also
under sympathetic control, with some minor innervation from the parasympathetic
system [4].

Contraction in vascular smooth muscle is induced by increased intracellular
calcium concentrations. Nonetheless, the intracellular calcium concentrations, and
subsequent contraction of vascular smooth muscle, are not dependent on action
potentials. Instead, changes in contraction reflect small changes in the membrane
potential of muscle cells [4]. This tonic smooth muscle activity translates to a
constant minor contractive force. This constant level of activity is typical of
multiunit smooth muscle, where adjacent cells are not electrically coupled, as
opposed to the single unit rhythmic smooth muscle of the GI tract [4].

7.3. Smooth muscles of the urinary tract

Urine is formed in the kidneys and moves through the ureter to the bladder and
then is ultimately expelled from the body through the urethra. Layers of smooth
muscle surround the ureter in longitudinal, circumferential and helical patterns
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[38]. In particular, a stretch of longitudinal muscle at the entrance to the bladder
prevents high pressure backflow of urine into the kidney when the bladder
constricts during expulsion [38]. The bladder’s smooth muscle layer, the detrusor,
is particularly thick and controls the pressure inside the bladder, allowing for filling
and expulsion [38]. The smooth muscle layers of the urethra lie both longitudinally
and circumferentially, terminating at the inner involuntary sphincter and the
voluntary external sphincter [38].

In general, the urinary tract smooth muscle serves a purpose similar to that in
the GI tract: contents are moved towards expulsion with valves and sphincters to
prevent backflow [38]. Many of the smooth muscle cells in the urinary tract are
parts of a single unit system; therefore, increases in intracellular calcium are
conveyed to adjacent cells via the gap junctions, maintaining coordinated activity.

In the ureter, two classes of cells display intrinsic oscillatory activity: the
interstitial cells (referred to as ICC-like) and the atypical smooth muscle cells.
These cells coordinate contraction and directional peristalsis [38]. There is also
sympathetic and parasympathetic control, though this innervation is not necessary
for peristalsis but instead modulates oscillatory activity. Three nerves, the pelvic
nerve, the hypogastric nerve and the pudendal nerve coordinate the sensing of
bladder distension, expulsion of the contents, and relaxation of the internal
sphincter. The pudendal nerves also control the voluntary skeletal muscle
components of the external sphincter, including the periurethral and intramural
striated muscles. Thus, the control of voluntary and smooth muscles is coordinated
to produce constriction of the detrusor, contraction of the longitudinal and
circumferential smooth muscles of the urethra, and relaxation of the sphincters for
voiding to occur [38].

8. Conclusion

This chapter has reviewed two classes of muscles: skeletal and smooth. In both,
calcium signaling and contractile elements allow quick changes of a muscle cell’s
shape to exert forces and achieve movement. The forces generated can act on
bones, organs, or other muscle cells. Muscle cells vary in structure, size, and
interactions with neighboring cells. This variability allows muscles fill a wide
variety of functional roles, ranging from voluntary skeletal muscle contractions
used to play a piano concerto to involuntary peristaltic waves generated by smooth
muscles to move food through the intestinal tract.
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This chapter provides an overview of the basic structure and physiology of
cutaneous, muscle and joint sensory structures.

1. Introduction

Second perhaps to chemoreception, the sense of touch is the most universal source
of information about the environment in the animal kingdom. Combined with
proprioception, the awareness of the positions of our body parts relative to each
other, it is provides us with our internal body image. Loss of these two modes of
sensation produces distortions of this body image, leading to such pathologies as
phantom limb sensations or neglect. It is the combination of input from tactile and
proprioceptive sensors that gives rise to the sensations that identify us as real
objects in the physical environment. That is, it provides us with a sense of
embodiment. One of the principal functions of somatosensation is to guide our
interactions with objects. Indeed, individuals who have lost this sense struggle to
perform even the most basic activities of daily living, like turning a door knob [59].
One can think of the tactile or exteroceptive system as providing information about
the state of the external environment as it interacts with the body, and of the
proprioceptive system as providing information about the orientation of the body
in that environment. This reduces to a consideration principally of cutaneous
receptors and muscle/joint receptors.

134
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2. Exteroceptive Receptors

2.1 Basic response properties

Cutaneous receptors fall into one of three groups, corresponding to the three
psychophysically separable, distinct types of sensation: touch, temperature and
pain [7, 36, 74]. The sense of touch is mediated by cutaneous mechanoreceptors.
Cutaneous mechanoreceptors can be classified on the basis of their appearance
(anatomy) or on the basis of what sorts of information they provide about
mechanical stimuli (physiology) [11]. It turns out that there is generally a strict
correspondence between the two.

Anatomically, distinctions between mechanoreceptor types are based on the
size and myelination state of the axons that innervate them, the location of the
nerve endings in the skin (e.g., dermis, dermal-epidermal junction, within the
epidermis itself), and the presence or absence of specialized structures at the nerve
terminal. Physiologically, distinctions are made on the basis of the structure to
which the mechanical stimulus needs to be applied (e.g., hair deflection versus skin
deformation), the nature of the deformation (e.g., skin indentation versus skin
stretch), and the temporal properties of the most effective stimuli (e.g., steady
deformation versus vibration). The correspondence between the anatomical and
physiological classifications stems from the fact that function follows form: the
location of the receptor ending determines what needs to be deformed to activate
it, and the structure of the nerve ending determines what types of mechanical
stimuli will be effective in activating it.

People who classify cutaneous mechanoreceptors fall into two classes: lumpers
and splitters. Splitters assign significance to small, but reliable, differences in the
way subsets of the members of the sets assigned by the lumpers respond to
mechanical stimuli, such as the range of frequencies effective in activating
vibration sensitive receptors. Table 1 shows a splitter's view of the cutaneous
mechanoreceptor universe. A lumper would be inclined to merge, for example, the
field receptor subgroups into one, and might use different terminology to identify
the groups.

Mechanoreceptors of all sorts, cutaneous or otherwise, tend to exhibit the
phenomenon of adaptation: a decline in response to a maintained stimulus [3, 41].
Slowly adapting receptors that respond to maintained indentation of the skin or
displacement of a hair are called tonic; rapidly adapting receptors that respond only
during movement of the innervated structure are called phasic. Tonic
mechanoreceptors respond to both the displacement of the innervated structure
from its rest position and the rate of change of displacement (velocity), and are
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better activated by movements away from the rest position than by movements
back toward the rest position. That is, they are directionally sensitive. Phasic
mechanoreceptors are not always directionally sensitive: many respond nearly
equally well to movements toward the rest position as to movements away from
the rest position. Considering the mechanoreceptor classes listed in Table 1 in
terms of their general response properties, PC receptors are very phasic,
responding principally to the acceleration components of a stimulus [39]. Their
location deep in the dermis and in subcutaneous tissues together with their
exquisite sensitivity allows them to respond to stimuli applied some distance from
their actual physical locations, producing large receptive fields (the area of the skin
from which a response can be elicited readily) [38]. The T1 and T2 receptors are
tonic, continuing to respond to maintained skin indentation or stretch, respectively.

Most cutaneous receptors have a well developed phasic component with only a
few having a pronounced tonic component to their response. This serves to make
the system maximally sensitive to small changes in the status quo; without this
property responses to such changes would be swamped by the ongoing background
activity produced by the steady state deformation of the skin or hairs. In fact, even
tonic receptors stop responding to an unchanging stimulus, as indicated by their
designation as slowly adapting [3, 34, 41].

In general, phasic receptors respond better to high frequency vibration than do
more tonic receptors. If one measures the vibratory sensitivity of receptors by
looking at the minimum amplitude displacement required to elicit some criterion
threshold response as a function of sinusoidal frequency, one finds that thresholds
tend to decrease for phasic mechanoreceptors, whereas they are relatively flat for
tonic ones [68].

The response properties of cutaneous mechanoreceptors are sufficiently rich
and complex to provide for the variety of sensations elicited by cutaneous
stimulation, which range from faint, evanescent tickles to strong and persistent
feelings of skin indentation and pressure. Microneurographic recordings from
humans, in which response properties of individual receptors have been related to
unitary sensations evoked by stimulation of the axons innervating the receptors,
have generally shown that activity in a given type of receptor is associated with a
distinct type of sensation, supporting the idea that different submodalities lead to
qualitatively different sensations [27, 71, 78]. Figure 1 summarizes the
relationships between physiologically defined receptor type, receptive field size,
innervation density, and anatomically recognized nerve terminal structure for the
four major types of cutaneous mechanoreceptors innervated by large, myelinated
nerve fibers in the glabrous skin of the hand. In hairy skin the picture would be
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similar, except that Pacinian corpuscles would be absent, replaced by richly

innervated hair follicles.

Table 1. Characteristics of cutaneous receptors.

Class Type Axon Adequate stimulus Receptor structure
size
Nociceptor ~ Mechano A9, C Threatening or damaging Free nerve endings
deformation of skin
Thermo- A, C Above and noxious heat or cold  Free nerve endings
mechano
Polymodal C Mechanical or thermal damage  Free nerve endings
and irritant chemicals
Thermo- Warm C Skin temperature above 30° C*  Free nerve endings
receptor
Cold A, C Skin temperature below 35° C*  Intraepithelial free
nerve endings
Mechano- PC Ao Accelerating displacements of Pacinian corpuscle
receptor skin and deeper tissue in any receptor
direction
GI hair Ao Rapid movement of hair shaft Endings around hair
in any direction follicles
G2 hair Ao Movement of hair shaft from Endings around hair
rest position follicles
Fl field Aol Rapid indentation or retraction ~ Krause end bulb,
of skin from an indented Meissner's corpuscles,
position etc.
F2 field Aa Movement of skin to an As above
indented position
TI Aa Indentation of skin Merkel cells
T2 Ao Skin stretch Ruffini ending
D mechano  Ad Movement of hair or skin in ?
any direction
C mechano C Lingering deformation of skin ?

*Response depends on acclimation temperature and rate of warming or cooling. (Adapted from [33])
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Fig. 1. Major cutaneous mechanoreceptor types in human glabrous skin and their properties. Shown
are typical receptive field sizes, receptor densities, and locations in the skin. (Adapted from [70]).
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Cutaneous temperature sensations arise from two classes of thermoreceptors in
the skin: cold receptors and warm receptors. These are innervated by small
myelinated or unmyelinated nerve fibers, show a mixed phasic and tonic response
profile to changes in skin temperature, and acclimate over time to chronically
maintained skin temperatures within the normal physiological range. This latter
phenomenon shifts the sensitivity of the receptors to make them more responsive
to changes in skin temperature than to absolute temperature. Interestingly, hot is a
synthetic sensation caused by the simultaneous activation of warm and cold
receptors, a result of the so-called paradoxical response of cold receptors to
temperatures above about 45 °C.

True cutaneous pain (as distinct from central pain with a peripheral reference)
arises from the activation of one or more of the several classes of peripheral
nociceptors [47]. Like the thermoreceptors, these are innervated by small
myelinated or unmyelinated nerve fibers. The former give rise to fast, sharp pain
that typically has a distinct focus and tends to go away once the painful stimulus
is removed. Activation of nociceptors innervated by unmyelinated fibers tends to
produce slow, burning pain of ill defined focus that may persist even after the
stimulus is removed. The nociceptors themselves may be specific to a given
modality of stimulation (e.g., Ad mechano-nociceptors), or to a variety of
mechanical, thermal and chemical stimuli (e.g., C polymodal nociceptors). There
is evidence that a subset of chemically sensitive receptors innervated by
unmyelinated fibers are responsible for the sensation of itch [69, 75].

2.2 Tactile coding in the nerve

When we grasp an object, signals from cutaneous mechanoreceptors innervating
the glabrous skin of the hand convey information about the shape, size, and texture
of the object. These nerve fibers also signal movements of the object relative to the
skin. Neural signals from the hand play a key role in our ability to dexterously
manipulate objects [38]. Information about these multiple object features is
multiplexed in the responses of populations of mechanoreceptive afferents [58].
That is, the same neural signals can be decoded in different ways to obtain different
types of information.

Stimulus intensity: The strength of a stimulus contacting the skin is encoded in
the strength of the response it evokes across all populations of afferents [79]. As
mentioned above, all afferents respond better to dynamic stimuli than to static
ones, so a tactile stimulus tends to feel more intense to the extent that it is dynamic
(that is, when the degree to which it indents the skin changes over time). Of course,
different fiber types are differentially sensitive to mechanical stimulation of the
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skin, and responses from the less sensitive receptors are weighted more than are
those from the more sensitive ones [2]. Importantly, under normal circumstances,
even a basic sensory dimension such as intensity involves the integration of signals
from a large number of afferents spanning all classes.

Shape: When we interact with an object, different parts of our hand touch
different parts of the object. At each contact point, the pattern of skin deformation
reflects the contours of that object at that location. The spatial pattern of activation
of afferents under the contact area also reflects the spatial configuration of the
stimulus over that area. The representation of the stimulus is somewhat distorted
by the fact that the forces applied to the skin’s surface must propagate down to the
location of the receptor [49, 65]. As a result, certain stimulus features are enhanced
(edges, corners) and others obscured (small internal stimulus features).
Nonetheless, the neural image carried by mechanoreceptive afferents — particularly
by SA1 and RA fibers — is approximately isomorphic with the stimulus, drawing
analogies with the neural image about a visual scene carried by the optic nerve. In
downstream structures, the extraction of information about object shape is
remarkably analogous to its visual counterpart. Indeed, neurons in somatosensory
cortex, like neurons in visual cortex, respond best to edges at a specific orientation
[2]. In fact, this orientation tuning may begin to emerge in the nerve, as information
about local orientation is also conveyed in the responses of nerve fibers [54].

Texture: When we run our fingers across a surface, we acquire information
about its surface microgeometry and material properties. Indeed, we can
distinguish surfaces whose elements differ in size by tens of nanometers, and in
inter-elements by hundreds of nanometers [61]. Again, a variety of receptors
contribute to our remarkable sensitivity to texture. Coarse textural features, on the
order of millimeters, are encoded in the spatial pattern of activation in SA1 (and
maybe RA) fibers, by the same mechanism that mediates the tactile perception of
shape (at those sizes, shape and texture overlap) [80]. Given the density of
innervation of the skin, this spatial mechanism cannot account for our ability to
discern fine textural features, which are orders of magnitude more tightly packed
than are receptors. To feel fine texture, then, we run our fingers across a surface
and, in so doing, set off small vibrations in our skin [42], the properties of which
depend on the surface geometry. These skin vibrations are transduced by
specialized receptors — Pacinian and Meissner’s corpuscles — which then drive
afferent responses that are highly patterned and texture-specific [72]. This
temporal signal — a kind of Morse code — carried by PC and RA fibers allows us to
perceive fine surface texture. Skin receptors, including Ruffini and Meissner’s
corpuscles, and Merkel receptors respond to tangential forces and can thus convey
information about the frictional properties of a surface [81]. Finally,
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thermoreceptors convey information about the thermal conductivity of a surface:
metals feel cold because they are highly conductive whereas plastics feel warm
because they are insulating [83 - 86].

Motion: Pacinian and Meissner’s corpuscles respond very strongly when
something moves across the skin and are thought to drive reflexive grip
adjustments when an object slips from our grasp [73]. The peripheral signal for
tactile motion is thought to be carried in the sequential activation of nerve fibers
with adjacent receptive fields [28], and the mechanisms by which motion
information is extracted from this peripheral signal are highly analogous to their
visual counterparts [46]. Stretch-sensitive receptors, whose response is modulated
by the direction of tangential forces applied to the skin, may also contribute to the
tactile perception of motion [87 - 88].

3. Proprioceptive Receptors

Like cutaneous mechanoreceptors, proprioceptive mechanoreceptors provide
position or displacement signals and movement or transient signals. The former
relay information about joint angle or muscle length continuously during a
maintained position of a limb or digit, while the latter are available only during
movement of a limb or digit. Movement-related signals can include information
about the rate (velocity) at which a limb or digit changes its position and about
acceleration or higher order derivatives. According to this scheme, static position
signals (meaning signals continuously available while a limb or digit is stationary)
can come only from slowly adapting receptors and are thought to give rise to static
position sense. Dynamic position sense (awareness of limb or joint position during
movement) is more perceptually salient than static position sense. These two
senses appear to be distinct and mediated either by different sensory inputs or by
different CNS pathways [18].

Similar to their cutaneous counterparts, kinesthetic receptors probably use both
dedicated channels and pattern codes to provide information about the positions
and movements of the limbs and digits. Ideas about the signaling of limb position
have a complex, contradictory, and confusing history [16]. The current view is that
proprioceptive information can be derived from several sources: neural signals
from the skin, joints, and muscle are all potential sources of information about limb
posture and movements. Humans can detect the occurrence of a movement without
necessarily sensing its direction or speed, and they can independently judge the
direction and the speed of a movement and the position of a limb. It seems
reasonable, therefore, to expect that these features are either encoded
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independently by the receptor population utilizing different neural circuits [10] or
that input from a common sets of receptors is decoded differently.

Since virtually any movement we make will stretch and bend some regions of
skin and relax others, it has been suggested that cutaneous mechanoreceptors could
play a significant role in kinesthesia [24]. Among cutaneous mechanoreceptors,
the T2 receptor responds best to skin stretch and alters its discharge most in
response to changes in joint position [22, 23], although T2 receptors do not appear
to elicit any sensation at all when activated in isolation [71] and eventually adapt
to a common resting discharge under static conditions [34]. On the other hand,
anesthesia of the skin covering the tongue or the lips makes speech difficult, and
anesthesia of the skin on the hands can produce a striking inability to use the
fingers even with visual guidance, whereas anesthesia of a wide band of skin
around the knee joint goes barely noticed [15].

Awareness of finger position is enhanced by somatosensory inputs from the
finger that do not, in themselves, provide positional cues [18]. This suggests that
the role of cutaneous mechanoreceptors in proprioception is supportive but not
informative. Put simply, cutaneous input may be needed to support a body image
of having, for example, a hand, but is not sufficient to provide reliable information
about the configuration of the hand in space.

The ligaments and capsules of joints contain numerous slowly adapting
mechanoreceptors that respond to stretching the ligament and stretching or bending
the capsule [26, 60, 63, 76]. In the ligaments, slowly adapting responses arise
mainly from Golgi type endings formed by a profuse branching of the nerve
terminals. When tested in the isolated ligament, the Golgi receptors show a
vigorous and almost non-adapting response to stretch, though tension appears a
more relevant variable than stretch given the very low compliance of ligaments
[1]. When one tests the responses of these receptors to movements of the intact
knee, they respond only when high torques are applied or at the very extreme
positions of the joint [30, 31, 35]. Thus, ligament receptors seem incapable of
encoding position or movement of passively rotated or positioned joints, except
perhaps to signal the extremes of flexion and extension.

In the joint capsule, slowly adapting responses arise mainly from Ruffini type
endings [62, 82]. Ruffini endings appear very similar to the Golgi receptors, though
a bit smaller, and they respond to stretch of the capsule. However, in their
examination of knee joint mechanoreceptors, Burgess and Clark [9] concluded that
joint receptors could not encode joint position during passive rotation, except
perhaps at extreme positions of the joint. This conclusion is consistent with the
finding of little or no impairment in proprioception associated with joint
replacement in humans [32]. Rather, joint receptors likely play a protective role,
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such as providing a fast mechanism to prevent hyperextension of the joint during
a vigorous movement.

Muscles contain two types of slowly adapting mechanoreceptors: the Golgi
tendon organs and the muscle spindles. Golgi tendon organs lie in series with the
main muscle fibers, well situated to measure tension in the muscle. Muscle
spindles lie in parallel with the main muscle fibers, well situated to measure muscle
length and rate of change of length.

The Golgi tendon organ consists of a thinly encapsulated bundle of small tendon
fascicles with a fusiform (spindle-like) shape, innervated by a single large-
diameter group Ib nerve fiber. This receptor ending responds to stretch of the
tendon fascicles, but due to the very low compliance of tendon, tension seems the
more appropriate variable. The tendon organ monitors the tension produced in its
muscle and feeds the information back to the CNS. The role information from
Golgi tendon organs plays during walking varies with the phase of the step cycle
[67].

A muscle spindle measures muscle stretch and rate of change of stretch. A
sophisticated sensory organelle, the spindle consists of a long, slender bundle of
2—-12 modified muscle fibers (intrafusal fibers) encased in a fluid-filled capsule
(Fig. 2). Each spindle receives innervation from one large, Group la primary
sensory fiber and from 0 to 5 intermediate sized, Group II secondary sensory fibers.
In addition, the spindle receives 6 to 12 small diameter motor fibers in the gamma
range, the gamma efferents. Activity in the gamma efferent fibers can substantially
alter the activity in the sensory fibers. Thus, the CNS is able to regulate the
operating range and sensitivity of the muscle spindle receptors, presumably to
optimize their response over a wide variety of muscle lengths and loading
conditions.

There are two main types of muscle spindle sensory endings, the primary found
at the middle of the intrafusal fibers and the secondary found just offset from the
middle. The primary ending is formed by Group Ia nerve fibers and the secondary
endings by Group II fibers. Many workers use the terms Group la afferents and
Group II afferents in reference to the primary and secondary endings, respectively.
Signals from muscle spindles provide the CNS with information about the length
of a muscle and its rate of shortening. Both the length-related and the rate-related
responses stand out clearly in the discharge of the sensory fibers, with the
secondary endings showing mainly a length response and the primary endings
showing a pronounced rate response as well as a more modest length response.
Muscle spindles can signal increases in length much better than decreases because,
during rapid shortening of a muscle, a pronounced velocity response can cause the
spindles to go silent with a loss of information. During muscle shortening,
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activation of the gamma system can help to maintain the spindle discharge [51,
52]. In some cases gamma activation may actually cause spindle discharge to
increase during muscle shortening [19].
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Fig. 2. Schematic drawings of Golgi tendon organ and muscle spindle receptors. (From [66]).

The primary endings respond especially strongly to the velocity of stretching,
even with extremely small displacements. A sharp tap of a tendon produces a small
but rapid stretch of the muscle that synchronously activates primary endings in
many spindles. This volley of activity in the Ia fibers has a potent excitatory effect
on the alpha motor neurons that innervate the extrafusal fibers of the muscle that
contains the spindles, causing the muscle to contract (e.g., the knee jerk reflex).
This stretch reflex can help compensate for unexpected changes in muscle length
[37, 44]. Vibration applied to a muscle tendon also can powerfully excite primary
spindle endings by virtue of their velocity sensitivity [56].

Gamma motor activity appears capable of independently altering both the
length and the rate responses of primary and secondary spindle afferents [29].
Electrical stimulation of one type of gamma fiber (gamma static) in isolation can
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enhance the length response, whereas involvement of another type (gamma
dynamic) can enhance the rate response. Gamma activity can thus serve to "bias"
the spindle, adjusting its operating point so the spindle can respond optimally over
the full range of possible muscle lengths. For instance, an ending that discharges
at a long muscle length may go silent (because it goes slack) if the muscle shortens.
However, an increase in gamma activity at the shorter length could return the
sensory region to a portion of its operating range where it can once again signal
small changes in length. Moreover, the static (length) and dynamic (rate) responses
can be independently controlled.

One could argue that gamma control of the spindle discharge precludes the
spindles from providing information about absolute muscle length and therefore
limb position because the spindle responds not only to changes in length but also
to changes in gamma activity [45, 57]. However, it is likely that downstream
neurons take gamma drive into consideration when interpreting spindle output. Of
all the candidates for position detectors, muscle spindle receptors, especially the
secondary or Group II afferents, seem the best suited [12, 53]. Other muscle
mechanoreceptors are most likely concerned with signaling painful events [43].

In summary, cutaneous Ruffini endings respond to skin stretch with a slowly
adapting discharge and a population of these receptors may contribute information
about static joint position. The skin also contains an abundance of rapidly adapting
mechanoreceptors that could signal joint movement, but probably neither angular
velocity nor absolute position, per se. Mechanoreceptors in joints seem poorly
suited to signal joint position, except perhaps at the extremes of flexion and
extension. Joint receptors might provide information about the rate and direction
of movement of the joint, but they appear best suited to signal tension in the capsule
and ligaments as the joint approaches one or the other limit of'its range. This would
suggest some sort of protective role for the receptors, probably to elicit fast acting
spinal reflexes to prevent damage to the joint.

Mechanoreceptors in muscle are thought to convey the most information about
limb position and movement (the muscle spindles) and muscle force (the Golgi
tendon organs). Muscle spindles lie in parallel with the contractile elements of the
muscle, well situated to encode muscle length, and produce a slowly adapting
discharge that increases with stretch of the muscle. Thus, muscle spindles can
encode both the static length of a muscle and the rate of length increase, and their
sensitivity to these two components can be independently controlled by the gamma
efferents. Moreover, in almost all situations muscles work in opposing groups, so
for every muscle that shortens, another lengthens. Thus, spindles in antagonistic
muscle pairs can keep the CNS informed of movement under any condition. Many,
if not most, skeletal muscles, particularly in the appendages, cross more than one
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joint, so information about position of an individual joint is not directly available
from receptors in an individual muscle or pair of muscles. Awareness of the
position of the hand or fingers in space is more salient than awareness of the angles
of the joints in the limb, suggesting that proprioception may be keyed to the former
rather than to the latter [6, 18, 64]. The Golgi tendon organs lie in series with the
tension producing elements of the muscles and display an exquisite sensitivity to
the tension produced by contraction of the motor units within the muscles. As a
group, the tendon organs provide a good sample of the overall tension developed
in the muscle.

3.1. Lumbrical muscles

Intrafascicular micro-stimulation of ulnar and median nerve stumps in amputees
can give rise to illusions of finger flexion but not extension, even though these
nerves innervate only finger flexors and activation of stretch receptor afferents
from these muscles should produce sensations of finger extension [20, 21].

The seeming discrepancy might be resolved by examining the nature of the
sensations amputees report and in models of the intrinsic muscles of the hand by
Leijnse and Kalker [40] and Biggs and Horch [4, 5]. Intrafascicular stimulation of
tactile afferents in the median and ulnar nerve stumps of amputees restores or
creates the illusion of a “normal” hand in the subjects with some location on the
volar aspect of the hand or finger being touched [20]. The hand itself is perceived
as being in a rest position with the fingers fully or nearly fully extended. Activation
of proprioceptive afferents induces a sensation of one or more fingers curling
(flexing) inward as if making a fist. The extent to which the fingers are flexed is a
function of the rate of stimulation through the electrode [20, 21]. Since the fascicles
in question innervate only the volar aspect of the hand and fingers, these sensations
could not have arisen from stimulation of afferents from cutaneous stretch
receptors on the back of the hand.

As Biggs and Horch [5] have pointed out, the lumbrical muscles of the hand are
unique in that both their origins and insertions are on tendons: they extend between
the extensor hood and the extrinsic flexor tendons of the fingers at the level of the
metacarpal-phalangeal (MCP) joint. As such, they are stretched by flexion of any
of the three finger joints by the extrinsic muscles, alone or in combination. Leijnse
and Kalker [40] argued that the lumbrical muscles serve to make fine, rapid
flexions of the MCP joint, but admit that their case is weakened by the relatively
large displacements required for these muscles to do so. Rather, the large
excursions experienced by these muscles during finger flexion, also noted by Biggs
in his model, and their rich muscle spindle population make them prime candidates
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as sensors of finger position [55]. Since the spindles in these muscles cannot
identify which of the three finger joints is being stretched, in the absence of any
other information, the central nervous system would interpret increasing activity
from these receptors alone as reflecting unloaded flexion of the fingers, which
naturally assumes a fist-like pose.

On the basis of these considerations, it is possible that stretch receptors in the
lumbrical muscles may constitute a major source of information about finger
position and that proprioceptive sensations evoked by focal electrical stimulation
of ulnar and median nerve stumps in amputees result from the activation of
lumbrical muscle spindle afferents.

4. Summary

Mechanoreceptors provide information about skin deformation, hair displacement,
joint movement, tendon tension, and muscle length. Thermoreceptors provide
information about skin or muscle temperature. Threatening or damaging chemical,
mechanical and thermal events evoke activity in nociceptors, which gives rise to
the sensation of pain.

From a neuroprosthetics point of view, there is little reason to intentionally
activate nociceptors and selective activation of thermoreceptors by electrical
stimulation of peripheral nerves is a formidable challenge due to the small size of
their nerve fibers which overlap nociceptive fiber sizes. For practical purposes,
such as restoring distally referred sensations of touch and joint position, it is
probably sufficient to focus on activation of large, myelinated (A) fibers. In that
regard, the complex array of extero- and proprioceptive receptors and what they
encode can be functionally simplified as follows.

Proprioception

2° spindle > muscle strain

1° spindle > muscle strain rate
Touch

Merkel cell > skin strain

F2 field > skin strain rate
Vibrotaction

F1 field > flutter

Pacinian corpuscle > vibration
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The visual system is our part of the central neural system that gives us sight, one
of the most important sensory functions. Disease of the visual system, especially
of the retina, often leads to devastating blindness. The understanding of the
anatomy, physiology, and pathology enables the development of neural prosthesis
that restores partial sight to the blind.

1. Overview of the Visual System

Vision is arguably the most important and most complex of human sensory
systems. It provides the predominant amount of information input, and it is
estimated that 50% of the neural processing power of the brain is dedicated to
vision and vision related computation [1].

The eye is the sensory component of the visual system receiving the light input
from the outside world. Fig. 1 shows the cross section of human eyes, which is an
approximately spherical structure consisting of several tissue layers surrounding
the iris, lens, and vitreous humor in the inside. The external layers of the eye
include the cornea in the very front and sclera covering the rest of the eyeball. The
transparent cornea allows light to pass through and enter the eyeball through the
pupil, which is an aperture formed by the center opening in the iris. The light is
focused by the cornea and the lens, projected through the vitreous humor, and
forms an image on the retina. The retina lines the back and inner surface of the eye.
The eyeballs are rotated by extraocular muscles to allow the region of interest be
aligned on the fovea centralis. The fovea is the central part of the retina with the
highest visual acuity, while the peripheral retina attends to edges of the visual field,
albeit with lower acuity. The retina converts the incoming light into electrical
signals through a process called phototransduction (see section 3). The neural
signal is carried by the optic nerve through the back of the eye to the visual cortex.
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Sclera Choroid
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Fig. 1. Cross section of the eye. The cornea and lens focus the light passing through the pupil, and
create an image on the retina, which lines the inner back of the eyeball. The visual information created
by the retina is then transmitted to the cortex by the optic nerve. (Image from Webvision,
http://webvision.med.utah.edu/.)

2. Anatomy of the Retina

The retina is a complex laminated structure about 300-pum thick [2], interfacing
with the retinal pigment epithelium which provides functional and metabolic
support to the retina. There are five major layers in the retina concerning neural
circuitry—three contain cell bodies of retinal neurons and two contain synaptic
connections (Fig. 2).

Specialized sensory cells, the photoreceptors, are located in the outermost layer.
The photoreceptors include two types of cells, the rods and the cones. Rods are
very sensitive, capable of detecting single photons. They operate in dimmer light,
and therefore are almost entirely responsible for night (scotopic) vision. There are
about 100 million rod cells in the human retina on average [3]. The cones operate
under ambient daylight levels (photopic). The existence of three types of cone (red,
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green and blue), which are sensitive to photons of different wavelengths, provides
color vision. On average, the human retina has about 4.6 million cones [3].The
distribution of rods and cones in the retina is highly dependent on location relative
to the fovea. The fovea is exclusively cones and the density of cones drops
dramatically with distance from the fovea. Rods are absent from the fovea, have
their highest density in the parafoveal region, then decrease in density in the
peripheral retina. This distribution implies the function of these areas of the retina.
The fovea is responsible for high acuity, color vision, while night vision and low-
acuity tasks are mediated by peripheral retina (Fig. 3). The foveal region has a very
specific neural circuitry that typically connects cone to the inner retina through
one-to-one pathways, while in the peripheral retina the output layer receives
converging input from many photoreceptors.
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Fig. 2. Left: Light microscope of cross section of the central human retina. The three layers of
neuronal soma are the outer nuclear layer (ONL), the inner nuclear layer (INL), and the ganglion cell
layer (GCL). The two layers containing synaptic connections are the outer plexiform layer (OPL)
and the inner plexiform layer (IPL). The inner limiting membrane (ILM) is formed by Muller cells
and defines the inner border between the retina and the vitreous humor. Right: Simple diagram of
retinal organization. Light enters the retina from the ganglion cell side, and travels through the retina
before it is absorbed and converted into electrical signals by the photoreceptors. (Image from
Webvision, http://webvision.med.utah.edu/.)

The photoreceptors form synaptic connections in the outer plexiform layer with
the bipolar cells. The bipolar cells span the inner nuclear layer to interface with
retinal ganglion cells (RGC) at the inner plexiform layer. The inner plexiform layer
has sub-layers where the dendrites of different subtypes of bipolar cells and
ganglion cell stratify and form synapses, thus separating different visual pathways.
The horizontal cells and amacrine cells, which are also located in the inner nuclear
layer, form local feed-forward and feedback neural networks at the outer and inner
plexiform layers, respectively. The RGCs, which are the last layer in the retinal
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circuitry, projects axons into the nerve fiber layer in the inner most part of the

retina. These axons coalesce at the optic disk and leave the eye forming the optic
nerve.
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Fig. 3. Distribution of rod and cone photoreceptors in human retina. Cones are concentrated in the
foveal region, responsible for high acuity vision and color. Rods are absent in the fovea, and have
their peak density in the parafoveal region about 20 degrees from the fovea. (Image from Webvision,
http://webvision.med.utah.edu/.)

Each retinal cell class has a great diversity in morphology and function (Fig. 4)
[4]. These distinct neuron subtypes create specific pathways and circuits that
allows for parallel visual processing in the retina. For example, subtypes of
ganglion cells process specific visual information, forming different visual
information channels for contrast, color, etc. [4]. By the time action potentials
leave the retina through the optic nerve, the early processing has already
compressed the information in the image focused on the retina into complex spatio-
temporal patterns of activity.
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Fig. 4. Example of the diversity of morphology is shown for each retinal cell type. The structural
classification is correlated with functional specifications. [4] (Reprinted from Current Opinion in
Neurobiology, 11/4, R. H. Masland, Neuronal diversity in the retina, Pages 432, Copyright (2001),
with permission from Elsevier.)

3. Electrophysiology of the Retina

When light hits the retina, the photons pass through the inner retinal layers, and
initiate a process known as phototransduction when they are absorbed in the
photoreceptors (Fig. 5). Opsins, a specific type of G-protein coupled receptors,
signal a second-messenger cascade in response to the photon absorption. This
amplifies the incoming light signal through several stages of biochemical
reactions, and in the final step converts the information into electrical signals by
closing ion channels on the cell membrane of the photoreceptors. Photoreceptors
hyperpolarize as the dark current, which is maintained when no light stimulus is
present, is reduced. This is quite unique, as most other cell types depolarize in
response to external stimuli. The retina is the most metabolically active tissue in
the body, due to the high turnover of the phototransduction machinery.
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Fig. 5. Illustration of the phototransduction cascade in rods: 1. An incident photon is absorbed by the
11-cis retinal bound to the rhodopsin (R) on the rod’s disk membrane, and the retinal undergoes
isomerization from 11-cis to all-frans configuration. 2. The rhodopsin in response then activates
transducin proteins, whose alpha subunit splits off. 3. The alpha subunit actives phosphodiesterase
(PDE). 4. PDE breaks down cGMP to 5’~-GMP, lowering the concentration of cytoplasmic cGMP. 5.
The ¢cGMP-gated sodium channels closes in response of the lower concentration, completing the
transduction from light signal to electrical signal. The intracellular potential hyperpolarizes due to
the reduced transmembrane sodium ion current. 6. Hyperpolarization closes the voltage-gated
calcium channels, and reduces intracellular calcium. 7. The release of neurotransmitter in rods, which
is regulated by calcium concentration, changes and neural signals are created in the retinal network.
(Image from Webvision, http://webvision.med.utah.edu/.)

The hyperpolarization of the photoreceptors reduces the glutamate release at
their synaptic terminals. Fluctuations of neurotransmitter release are detected by
the bipolar cells, and with contributions of the local neural networks of horizontal
cells and amacrine cells, are transmitted as a graded electrical signal down
converging neural pathways towards the RGCs. Excitatory input from bipolar cells
leads to RGCs firing action potentials, which are transmitted by their axons to the
early visual processing nuclei, e.g. the lateral geniculate nucleus in the thalamus.
The visual signal is then further transmitted to the primary visual cortex, and then
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higher visual centers in the cerebral cortex. The processing and sensory association
of these cortical centers creates the sense of vision.

4. Visual Field and Pathways

Visual field is the spatial extent of visual perception without head movement [5].
The visual field consists of a binocular region perceived by both eyes, and
monocular region only perceived by one eye. For each eye, the visual field extends
to approximately 60 degrees nasally to 100 degrees temporally from the vertical
meridian, and approximately 60 degrees above and 75 below the horizontal
meridian. The visual field can be divided into left and right hemifields with respect
to the fixation point, while the retina can also be divided into nasal and temporal
hemiretina with respect to the fovea. Each hemifields projects on the nasal
hemiretina of the ipsilateral eye, and temporal hemiretina of the contralateral eye.

The optic nerve carries information of the entire visual field of the
corresponding eye when leaving the eyeball. The two optic nerves convene at the
optic chiasm, from where two optic tracts lead to higher visual systems in the two
cerebral hemispheres. At the chiasm, the nerve fibers of each optic nerve split in
directions, so that each optic tracts combines nerve fibers of the temporal
hemiretina of the ipsilateral eye and of the nasal hemiretina of the contralateral
eye. This arrangement results in the projection of a visual hemifield exclusively
into the contralateral subcortical regions and visual cortex.

The optic tracts project into three major subcortical region: the pretectum, the
superior colliculus (SC), and the lateral geniculate nucleus (LGN). The projection
into the pretectal areas of the midbrain and SC mediate functions such as pupillary
reflexes and saccadic eye movement, whereas in the primate visual system, about
90% of the retinal ganglion cell axons terminate in the (LGN) of the thalamus.
Three distinct pathways are present in the LGN: magnocellular pathways,
parvocellular pathways and koniocellular pathways. Midget ganglion cells are
considered to be the origin of the parvocellular pathway and constitute
approximately 70% of the total cell population that project to the LGN. Parasol
ganglion cells are the origin of the magnocellular pathway and bistratified ganglion
cell make up most of the koniocellular pathway [6]. The retinal areas are not
equally represented along the visual pathways and in the nucleus. The fovea, with
the highest density of RGCs, has a larger representation than does the peripheral
retina. Visual pathways leaving the LGN project to separate layers of the primary
visual cortex, the first point in the visual pathway where the receptive fields of
cells are significantly different from the retinal neurons. Like the LGN and SC, the
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primary visual cortex in each cerebral hemisphere receives information
exclusively from the contralateral half of the visual field.

5. Retinal Degeneration

Visual impairment can take form in a wide range of symptoms, including blurry
vision, reduced visual acuity and/or visual field, with complete blindness being
most severe. Due to the importance of vision, visual impairment is a very
debilitating condition, and, in fact, blindness has been considered worse than death
in some cultures [7]. Visual impairment can arise from injury, degeneration and
malfunction of different parts in the visual system, including the optical pathway
(cornea, lens, and vitreous humor), retina, optic nerve, and central visual pathways
and cortex. A significant part of the visual impairment is related to degenerative
diseases of the retina such as age-related macular degeneration [8], which could be
remedied by electrical prostheses.

Retinal degeneration (RD) is the deterioration of the retina caused by
progressive photoreceptor death in the retina. RD impairs vision of the patient in
the form of night blindness, reduced visual acuity, tunnel vision etc. They most
commonly arise from inherited genetic mutations, but could also occur secondary
due to vascular diseases such as artery or vein occlusion and diabetic retinopathy.
The most prevalent types of retinal degeneration are age-related macular
degeneration (AMD) and retinitis pigmentosa (RP). Together, they account for
millions cases of blindness worldwide.

5.1. Age-related macular degeneration

AMD is a progressive degenerative ocular disease which usually affects older
adults (mostly over the age of 55). Vision loss due to secondary dysfunction or loss
of photoreceptors in the central retina (macular region) is caused by senescence
and dysfunction of the retinal pigment epithelium (RPE), accumulation of
subretinal drusen deposits, and in some patients, patchy loss of RPE or subretinal
choroidal neovascularization [9]. The patients lose their visual field of highest
acuity, but the peripheral vision is usually spared (Fig. 6, center). This makes it
difficult and often impossible for patients to perform visual activities requiring fine
resolution, such as reading, driving, and face recognition; and they also suffer from
poor fixation stability, orientation discrimination, and shape discrimination [10]—
[12].

Approximately 40 million people are affected by AMD worldwide. The World
Health Organization estimates that 14 million people are legally blind or severely
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impaired, accounting for 8.7% of worldwide blindness [8]. AMD is mostly seen in
Europe and in countries with European-based populations like the USA, Canada,
and Australia. In the USA, for example, it is estimated that about 2 million
Americans above the age of 55 have AMD [13]. Approximately 700,000 new cases
occur each year in the United States alone, with 10% of the patients becoming
legally blind [14], [15].

The exact cause of AMD is unknown, but risk factors include age, family
history, genetic mutations, hypertension, obesity, smoking etc. [16]. AMD occurs
in two forms: neovascular (wet, exudative) and non-neovascular (dry,
nonexudative). The wet form is more severe, and involves abnormal blood vessel
growth from the choroid behind retina, causing subretinal scarring and retinal
detachment. In the dry form of AMD, the RPE atrophies and remodels, and
extracellular deposits of debris known as drusen accumulated between the retina
and the choroid. Treatment for either form of AMD is limited. For wet AMD,
antiangiogenic drugs are administered through repeated injections into the eye to
prevent the abnormal proliferation of blood vessels [17]. Nutritional supplements
with antioxidant, anti-inflammatory, and cell protective effects have been used in
dry AMD; however they show limited effectiveness only [18]. Stem cell therapies
are experimental options under investigation.

Retinitis Pigmentosa

Fig. 6. Simulated vision of AMD (middle) and RP (right) compared to normal (left). (Image from
National Eye Institute, http://www.nei.nih.gov/)

5.2. Retinitis pigmentosa

RP is the second most prevalent retinal degeneration that affects about 1.5 million
people worldwide [19], [20]. The incident rate is 1:400 live births overall, however
could vary depending on ethnicity [15], [19], [20]. RP is a group of inherited eye
diseases that mostly affects rod photoreceptors, causing night blindness and tunnel
vision (Fig. 6, right). The RP phenotype manifests through mutations in rhodopsin
genes, with more than 100 genetic mutations identified [21], [22], [20]. More than
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half of all RP cases are autosomal recessive traits, a third are autosomal dominant,
and the remainder are X-linked [20], [23]. Nutritional supplement of vitamin A has
shown mitigation and postpone the disease progression [19]. Electronic retinal
prostheses offer some improved vision for patients with severe RP. Two electronic
retinal prostheses have received regulatory approval: Argus II (FDA and CE Mark)
and Alpha-IMS (CE Mark). Ongoing research efforts involve retinal
transplantation [24], gene therapy [25], and stem cells therapy [26].

5.3. Inner retinal survival and remodeling in retinal degeneration

In both AMD and RP, photoreceptors are lost as the disease progresses. However,
much of the inner retina survives. In two studies, the inner retina of AMD patients
is well preserved, with 70%-93% of the RGCs surviving and no significant
difference in the inner nuclear layer cells [27], [28]. However, when comparing
the two types of AMD, the exudative form has shown 50% ganglion cell loss, while
the nonexudative form has no significant changes [9]. In RP, there is a varying
degree of cell preservation, with about 78-88% of bipolar cells and 30-75 % of
ganglion cells surviving [29], [30].

Due to the degeneration of the photoreceptors in RD, the retina tissue undergoes
significant remodeling. Abnormalities such as glial hypertrophy, neurite sprouting,
neuron migration, and rewiring of the remaining neural network occur in response
to the loss of sensory input [31]-[35]. The remodeling will depend on the disease
progression and occurs in phases [34]; and variability between individuals is
always a possibility.

5.4. Animal models of retinal degeneration

The retinal remodeling due to RD poses a challenge to study the retinal prosthesis
in the laboratory environment. Animal models that mimic the degeneration in
human retina are required for electrophysiology studies, because the use of healthy
animal/tissue could not reflect the realistic situation that the prostheses face in
patient users. Models of retinal disease exist in dog, cat, chicken, mouse, and rat
[36]. For example, the Abyssinian cat is an animal model of retinal degeneration
that closely mimics recessive human RP [37], and the Irish Setter exhibits a genetic
defect also found in rd mouse and recessive RP in human [38].

Many animal models have been developed in rodents to study the pathology,
etiology, and electrophysiology of RD. For example, the Royal College of
Surgeons (RCS) rat is the first known animal with inherited retinal degeneration
and is widely used for research in hereditary retinal dystrophies [39], [40]. The
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S334ter rat and P23H rat are transgenic models to express autosomal dominant
mutations of the rhodopsin protein similar to that found in human RP patients [41].

A few dozens of mouse models are available for RP and AMD research, which
have different genetic mutations, severity and progression of degeneration [42].
The rdl and rd10 are widely studied models which reflect autosomal recessive
traits of RP. The rdl mice have a much faster onset of retinal degeneration and
normal development never occurs; while in #d10 mice, the degeneration starts
slower, and early retinal development is normal (Fig. 7) [42], [43].

>
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C57BL/6J at 3 months of age rd1/rd1 at 21 days of age rd10/rd10 at 24 days of age

Fig. 7. Histology sections of WT (left), rd! (middle), and »d10 (right) mouse retina are shown side
by side. The rdI retina has significant loss of the photoreceptor including outer nuclear layer. The
rd10 retina suffers from slower degeneration. While the outer and inner segments of the
photoreceptors are completely degenerated, the loss of the outer nuclear layer is not so severe in rd10
as compared to rdl. [42] (Reprinted from Current Opinion in Neurobiology, 11/4, R. H. Masland,
Neuronal diversity in the retina, Pages 432, Copyright (2001), with permission from Elsevier.)

6. Summary

The visual system allows us to receive vivid and rich information of our
surrounding, and is of great importance to the normal functioning in everyday life.
The loss of visual function due to RD is devastating, and severely impairs the
individuals. The understanding of the anatomy, physiology, and pathology of the
retina is key to develop neuroprosthetic devices that interface with the diseased
retina to restore partial vision. Continuous research in these area will further aid
the improvement of retinal prostheses that will eventually provide viable treatment
to RD.
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The development and clinical success of auditory prostheses rests, in part,
on our knowledge of the structure and function of the auditory system.
This chapter reviews the mammalian auditory pathway, placing
considerable emphasis on the anatomy and physiology of the cochlea. This
background is necessary to understand the pathological implications of a
sensorineural hearing loss and its amelioration via an auditory prosthesis.

1. Introduction

Hearing loss afflicts approximately 360 million people world-wide (World Health
Organisation). While many of these patients receive considerable benefit from
amplification via a conventional hearing aid, those with a severe-profound loss of
sensory hair cells (sensorineural hearing loss) receive no clinical benefit from these
devices. It is only over the last three decades that these patients have been able to
receive clinical benefit in the form of an auditory-based neural prosthesis known
as a cochlear implant. These devices, together with central auditory prostheses
(designed for use in patients without a functioning auditory nerve), will be
described in some detail in Chapter 3.6.

2. External and Middle Ears
The external and middle ear consists of the pinna, the external auditory meatus (ear

canal) and the middle ear (Fig. 1). The pinna and external auditory meatus provide
efficient transmission of the acoustic stimulus to the tympanic membrane and
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protects the delicate structures of the middle ear. These key structures of the outer
ear also assist in the selective amplification (approximately 1.5-5 kHz) and
localization of environmental sounds. The middle ear cavity is bound by the
tympanic membrane laterally and the inner ear (or cochlea) medially (Fig. 1). Its
prime function is to efficiently couple sound energy from the air-filled external
auditory canal to the fluid-filled cochlea. This is possible due to the action of the
three smallest bones in the human body, the malleus, incus and stapes, collectively
known as the auditory ossicles. The middle ear ossicles overcome the impedance
mismatch between air and the fluid filled cochlea [/], thereby facilitating the
efficient transfer of airborne sound waves into fluid pressure waves within the
cochlea.

3. The Cochlea

The cochlea is responsible for the transduction of the mechanical pressure waves
of the incoming acoustic signal into nerve impulses generated within the auditory
nerve. The cochlea provides the initial intensity, timing and frequency analysis of
the incident acoustic signal and outputs this information to the central auditory
pathway for further analysis. This review of the cochlea is, by necessity, brief;
more detailed accounts are available [3].

3.1. Cochlear anatomy

The mammalian cochlea is a spiral shaped labyrinth embedded within the temporal
bone (Fig. 2a). In transverse section, three fluid-filled compartments, or scalae, are
evident (Fig. 2b). The basilar membrane (BM) separates the scala tympani from
the scala media while Reissner’s membrane separates the scala media from the
scala vestibuli. The human cochlea consists of two and a half turns and has a BM
length of approximately 33 mm from base to apex. Both the scala tympani and
scala vestibuli contain perilymph, an extracellular fluid with a similar electrolyte
profile as cerebro-spinal fluid and plasma [4]. In contrast, the scala media contains
a unique extracellular fluid called endolymph, which has a high concentration of
potassium and a low concentration of sodium [J].

3.1.1. Sensory hair cells

The sensory cells of the cochlea are located within the organ of Corti, a complex
structure attached to the BM (Fig. 2¢), and extending along its entire length. There
are two types of sensory hair cells, located on either side of the pillar cells. On the
lateral side, three to four rows of outer hair cells (OHCs) are supported at their
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apex by a rigid plate known as the reticular lamina, and at their base by Deiters’
cells. OHCs have a diameter of approximately 7 um and a length that varies from
25 um in the cochlear base to 45 um in the apex. Inner hair cells (IHCs) lie on the
medial or modiolar side of the pillar cells. Unlike the OHCs, the IHCs are
completely surrounded by supporting cells. IHCs are approximately 10 um in
diameter and 35 um long throughout the cochlea.

cochlea

Fig. 1. Schematic diagram of the peripheral auditory system illustrating the pinna, external auditory
meatus, the tympanic membrane, the middle ear cavity containing the ossicular chain (the malleus,
incus and stapes), and the cochlea or inner ear. (adapted from[2]. Reprinted with permission Icon
Learning Systems).

Both inner and outer hair cells contain a rigid cuticular plate at their apex, from
which protrudes 50 to 150 stereocilia (Fig. 3) arranged in rows based upon their
height. The short stereocilia are positioned towards the modiolus while the longer
stereocilia are located towards the lateral wall of the cochlea. Stereocilia are
mechanically coupled to one another via ‘tip-links’ [6] (Fig. 3) which are known
to play an important role in the mechanoelectrical transduction process (see §3.5).
Incredibly, the mammalian ear appears sensitive to deflections of the stereocilia of
less than 1 nm [7, §].
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Fig. 2. (a) Transverse section of the mammalian cochlea illustrating the cochlear ducts spiraling
around the modiolus, which contains the auditory nerve. (from [5]. Reprinted with permission
Elsevier Science). (b) A magnified view of the cochlear duct in cross section illustrating the fluid
filled scala tympani, scala media and scala vestibuli. (from [9). Reprinted with permission Elsevier
Science). (¢) A diagram of the organ of Corti containing the sensory hair cells — a single row of
inner hair cells and three rows of outer hair cells. Note that the organ of Corti is located on the basilar
membrane, which separates the scala tympani from the scala media. DC, Deiters’ cells; HC, Hensen’s
cells; IPC, Inner phalangeal cell; BV, blood vessel. (from [/0]. Reprinted with permission Academic
Press).
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Fig. 3. Diagram illustrating the stereocilia located on the apical surface of both inner and outer hair
cells. Stereocilia are coupled to one another via tip-links. Hair cell excitation occurs when the
stereocilia are deflected towards the tallest stereocilium resulting in the stretching of tip-links, which
then open to allow an influx of ions. In contrast, inhibition occurs when the stereocilia are deflected
in the opposite direction, compressing the tip-links and thus preventing ion influx. (from [6].
Reprinted with permission Elsevier Science).

3.1.2. Cochlear neuroanatomy

There are three major components of cochlear innervation;
(1) afferent innervation;

(i1) efferent innervation; and

(iii) autonomic innervation.

We will discuss the afferent innervation of the cochlea in some detail, as this
knowledge is central to our understanding of the principles of the cochlear implant
(Chapter 3.6). This section will conclude with a brief description of efferent
innervation of the cochlea.

3.1.2.1. Afferent innervation of the organ of Corti

There are approximately 30,000 afferent nerve fibres in the human cochlea [11].
As afferent neurons they convey information from the cochlea to the central
auditory system. Their cell bodies, the spiral ganglion cells or auditory neurons,
are located within Rosenthal’s canal. This canal forms part of the modiolus.
Rosenthal’s canal follows the spiral course of the BM and borders the scala
tympani via a thin shelf of bone known as the osseous spiral lamina (Fig. 4). Two
types of auditory neurons are found within Rosenthal’s canal; the most common
(Type I) represents 90-95% of the total auditory neural population, and are
characterized by a large myelinated cell body with a round nucleus and prominent
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nucleolus. In contrast, the Type Il auditory neurons are half the size of the Type |
cell body, possess a lobulated nucleus and an insignificant nucleolus. In most
mammals Type Il auditory neurons are unmyelinated and represent 5-10% of the
auditory neural population [/2] (Fig. 4).

Scala tympani

Fig. 4. Afferent innervation in the mammalian cochlea. Many Type I auditory neurons make direct
synaptic contact with a single inner hair cell (iH); convergent innervation. In contrast, Type II
auditory neurons project their processes across the floor of the basilar membrane (B) and make
synaptic contact with numerous first, second and third row outer hair cells (oH); divergent
innervation. HA — Habenula perforata, OSL — osseous spiral lamina. (adapted from [/2]. Reprinted
with permission Elsevier Science).

Auditory neurons are bipolar sensory cells which have a peripheral process that
projects from the cell body to innervate the organ of Corti and a central axon that
projects to the first relay center within the auditory brainstem, the cochlear nucleus
[/3]. Both the peripheral and central processes of Type I auditory neurons are
myelinated while those of the Type II auditory neurons are typically unmyelinated.

The peripheral processes of auditory neurons project radially from their cell
bodies to the organ of Corti. Processes from Type I auditory neurons lose their
myelin as they pass through the habenula perforata (Fig. 4) and innervate the
nearest IHC in a highly convergent manner; 20-30 Type [ auditory neural
processes make synaptic contact with a single IHC. In contrast, Type Il auditory
neural peripheral processes project in a basal direction along the floor of the organ
of Corti and then innervate approximately 10 OHCs in a highly divergent manner
(Fig. 4). The difference in afferent innervation of inner and outer hair cells reflects
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the different roles these two hair cell types play in the transduction process (see
below).

3.1.2.2. Efferent innervation of the organ of Corti

The efferent pathways that innervate the organ of Corti originate in the superior
olivary complex, located within the brainstem [/4]. Being efferent neurons they
exert some level of feedback and control over the cochlea from the central auditory
system. Indeed there is evidence that they play a protective role for the organ of
Corti in loud noise [15, 16].

There are two efferent pathways that project to the organ of Corti. The medial
pathway consists of large myelinated fibres that synapse directly onto the OHCs,
while the lateral system consists of small unmyelinated fibres that synapse onto
the peripheral processes of the Type I auditory neurons just below the IHC (Fig.
5). The differences in the anatomy of efferent innervation onto the hair cells in the
organ of Corti, suggests a more direct role of the medial efferents in modulating
cochlea gain (by dampening the outer hair cell amplifier response; see §3.3.2).
Conversely, the lateral efferents may have less direct modulatory effect on the
response of the IHC, since this efferent synapse is axodendritic in nature and does
not synapse directly onto the IHC, but rather the IHC afferent synapse (Fig. 5).

Tip
links Stereocilia
OHC
Afferent
terminals
’ 4
____ Efferent
terminals

Fig. 5. Schematic representation of hair cell afferent and efferent innervation. The inner hair cells
(IHCs) receive direct afferent innervation onto the basolateral surface of the cell, adjacent to the hair
cell ribbon synapse (black filled discs). In addition, the IHCs receive indirect efferent innervation,
with efferent terminals synapsing onto the Type I afferent terminal, prior to the afferent projection
reaching the hair cell. Conversely, outer hair cells (OHCs) receive both afferent and efferent
innervation directly onto the basolateral surface of the cell. Image adapted from [/7].
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3.2. Cochlear mechanics

3.2.1. The travelling wave and passive basilar membrane mechanics

The basilar membrane plays a key role in the analysis of sound by the auditory
system. In cross section, the basilar membrane is narrow in length and relatively
stiff in the base of the cochlear, while becoming wider and less stiff more apically.
These mechanical characteristics provide the BM with a continuum of resonance
frequencies along its length [/§].

When sound pressure waves cause the tympanic membrane to vibrate, these
oscillations are transmitted to the oval window via the middle ear ossicles. The
stapes, which is fused to the cochlea oval window, faithfully reproduces these
vibrations and causes a wave of displacement of the BM via movement of the
cochlear fluids. This BM travelling wave propagates in an apical direction from
the oval window. Different frequency components of the acoustic stimulus
produce maximum displacement at specific sites along the BM; high frequencies
cause maximal displacement in the base of the cochlea while lower frequencies
cause maximal displacement at sites progressively more apical in the cochlea (Fig.
6). The BM travelling wave is an important stage in the analysis of sound, because
the pattern of BM displacement is directly related to the frequency of the stimulus.
Thus the cochlea is able to perform a spectral analysis of the incident acoustic
stimulus by transposing acoustic frequency into position along the BM; a
frequency-to-place or tonotopic transformation. The brain’s decision as to the pitch
of a sound is therefore determined, in part, on the basis of the site of maximum
stimulation along the BM.

3.2.2. Active basilar membrane mechanics

The demonstration by von Békésy, of a tonotopic organization along the BM was
performed in post mortem cochleae [/8]. Research over the past 40 years has
clearly demonstrated that there is also an active component to BM tuning that is
only observed in living, healthy cochleae (Fig. 7). This active component of the
tuning curve is known as the “active tip” and can add an additional 30-40 dB of
sensitivity, thus providing the exquisite tuning associated with normal hearing.
When the cochlea is in a poor physiological state, due for example to loud noise
or ototoxic drug exposure, this sharply tuned component is lost and the tuning
resembles that of the BM in the post mortem condition [8, 20, 21]. Clinically, this
results in a loss of sensitivity in those individuals who may have damaged or non-
functional outer hair cells. This indicates that the healthy cochlea contains both a
sensitive, metabolically active and sharply tuned mechanism in addition to the
relatively broadly tuned passive BM mechanics (Fig. 7).
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Fig. 6. Schematic diagram of the BM travelling wave in response to sound pressure waves on the
tympanic membrane at one point in time. The high frequency components of the travelling wave
(towards the middle ear) have already been removed in this example. As the wave propagates in an
apical direction it becomes dominated by low frequency components and its velocity is reduced. The
normally coiled mammalian cochlea has been straightened here for clarity. (Adapted from [79].
Reprinted with permission Journal of Neuroscience).

The exquisite tuning of the BM observed in physiologically normal cochleae,
can also be detected at both the level of the hair cell (via receptor potentials [22,
23]) and single auditory nerve fibers (via neural spike activity [24]).

What is the source of this active component of BM mechanics? Studies of
isolated OHC have revealed that these cells are capable of changing length in
response to acoustic stimulation; OHCs shorten when depolarized and lengthen
when hyperpolarized [25-27] (see §3.5). It is thought that this OHC motility feeds
mechanical energy back into the BM, significantly enhancing its tuning properties
[19, 28] (Fig. 8). Evidence suggests that large numbers of voltage-sensitive
displacement motors are located along the lateral wall of the OHC, giving rise to
this active process [7, 29]. This motor molecule has been identified as a membrane
protein called prestin [30, 3/]. Unlike most cellular motors (e.g., in muscle
contraction), OHC motility does not require adenosine triphosphate (ATP) or
calcium, but is driven by changes in the cells’ membrane potential [29, 32]. Thus
the OHC, which has little afferent input to the central auditory pathway, feeds
additional mechanical energy into the BM thereby enhancing the BM’s tuning
characteristics in healthy cochleae. The rich efferent innervation of the OHC
appears to exercise some control over this active process by reducing the efficiency
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of the OHC motor in the presence of loud noise [ 75, 6], thus reducing the potential
damage caused by exposure to loud noise.
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Fig. 7. Basilar membrane frequency threshold curve. Solid circles indicate data recorded from a
normal cochlea; open circles show reduced tuning characteristics when the condition of the cochlea
has deteriorated; triangles illustrate the post-mortem response of the BM. (adapted from [§].
Reprinted with permission Acoustical Society of America).

3.3. The endocochlear potential

In healthy cochleae, endolymph within the scala media is maintained at a resting
DC potential of +80 mV relative to perilymph [34]. This so-called endocochlear
potential (EP) is related to the high K* concentration of endolymph (Fig. 8). The
EP is generated by an energy consuming process involving the active transport of
multiple ions into the stria vascularis through the fibrocytes located on the lateral
wall of the scala media [35] (Fig. 2b). In order to maintain the unique ionic
composition of endolymph, the scala media is bounded by occluding tight
junctions that minimize the movement of ions across membrane boundaries. The
EP is integral to the hair cell transduction process and, therefore, for normal
auditory function (Fig. 8). In contrast to endolymph, the DC potential of perilymph
is similar to that of surrounding plasma and bone (i.e., 0 mV).
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Fig. 8. (a) Diagram of inner and outer hair cells (IHC and OHC, respectively) illustrating the
depolarization process. Deflection of the stereocilia towards the tallest stereocilium (black arrows)
opens mechanical ion channels. Potassium ions (K*) flow into the cell as a result of the electrical
gradient created by the EP (+80 mV) and the cells polarization voltage (-40 mV IHC; -70 mV OHC).
In the IHC, depolarization opens voltage sensitive Calcium (Ca?") channels that initiate the release
of the excitatory neurotransmitter thereby giving rise to the generation of an action potential in the
Type I auditory neurons. Finally, voltage sensitive K* channels are activated to remove K" and re-
establish the polarization voltage. In the OHC, depolarization activates the voltage sensitive motile
motor (V-M), feeding energy back into the BM. Voltage sensitive Ca?" channels are then activated
which in turn activates K* channels to re-establish the cells polarization potential. (from [79].
Reprinted with permission Journal of Neuroscience). (b) Schematic diagram illustrating the role of
both inner and outer hair cells in the transduction process. 1. Displacement of the BM results in
deflection of the stereocilia of both types of hair cells. 2. The inner hair cells initiate action potentials
in Type I auditory neurons by release of the excitatory neurotransmitter. 3. Outer hair cells shorten
and lengthen in response to depolarization and hyperpolarization, respectively. 4. Because the OHC
is tightly coupled to the organ of Corti (via stereocilia attachment to the tectorial membrane) their
motile activity is fed back into the BM as the active component, thereby improving the sensitivity of
the cochlea by up to 40 dB. (from [33]. Reprinted with permission Elsevier Science).

3.4. Hair cell transduction

Sensory receptor cells and neurons maintain a negative DC potential at rest of
typically 40-70 mV relative to their extracellular environment, i.e., they are
polarized. In order to initiate the release of excitatory neurotransmitter (sensory
receptor cells) or propagate an action potential (neurons), the cell must be
depolarized — the negative DC potential must be lowered. This is achieved by the
transport of positively charged ions into the cell via selective ion channels located
in the cell membrane. As noted above, the apical surface of hair cells are bathed in
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K"-rich endolymph, which is maintained at +80 mV relative to perilymph (the base
of the hair cells are bathed in a filtrate of perilymph and therefore rest at 0 mV).
The EP, together with the resting polarizing voltage of hair cells (-40 mV for IHCs;
-70 mV for OHCs), results in a voltage drop of 120 mV and 150 mV across the
apical surface of the IHCs and OHCs, respectively (Fig. 8a). This large potential
difference is central to the hair cell transduction process. Drugs that significantly
reduce the EP are therefore capable of causing a profound hearing loss [36, 37].

Deflection of the hair cell stereocilia towards the tallest stereocilium in response
to BM displacement, stretches tip-link coupling and opens mechanical ion
channels containing transmembrane proteins [38] located in the sterocillia [ 7] (Fig.
3). Potassium ions then enter the cell down their electrical gradient leading to hair
cell excitation [39, 40] (depolarization; Fig. 8a). Equally, deflection of stereocilia
towards the smallest stereocilium compresses tip-links and reduces the probability
of these mechanical ion channels opening. This in turn results in an increase in the
hair cell polarizing voltage (hyperpolarization).

Depolarization of the IHC results in the release of the excitatory
neurotransmitter glutamate, that in turn initiates the generation of an action
potential (AP) in Type I auditory nerve fibres (ANFs). The response of IHCs
following depolarization therefore contrasts with the motile response of the OHCs.

It is important to note that the transduction process is a graded one. Even at rest
(i.e., in the absence of acoustic stimulation) some K' channels open and
neurotransmitter is released spontaneously from the IHC. With increasing
excitatory deflection of the stereocilia greater numbers of K channels are opened,
producing a graded depolarization of the hair cell and a graded increase in AP
generation in the auditory nerve. Conversely, with increasing deflection of the
stereocilia in the direction of the smallest stereocilium (i.e., inhibitory), a graded
hyperpolarization of the cell membrane is observed due to greater numbers of K*
channels closing. This in turn results in a graded reduction in neural spike activity
below spontaneous activity (see below).

3.5. Hair cell synapse with the auditory neuron

During development, Type I auditory neurons extend their branched peripheral
fibers towards the IHCs. The exuberant growth of the fibers is refined via neural
repulsion mechanisms and the redundant branches eliminated [4/-43]. The
resultant innervation pattern is a single unbranched peripheral fiber of the Type |
auditory neuron forming a synapse with one IHC. This arrangement is particularly
suited for the rapid and temporally precise transmission of auditory information
required for auditory processing [43]. Each IHC is innervated by multiple Type |
ANFs with the number ranging from 10-30 [44, 45].
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The cochlear hair cells contain specialised synapses, called ribbon synapses,
which are particularly suited to high rate stimulation. The synaptic ribbons are
found in both IHCs and OHCs [46] and are important for the release and
replenishment of synaptic vesicles containing neurotransmitters. In recent years,
these synapses can be labelled using sophisticated immunohistochemical
techniques, and the number, size and distribution of puncta quantified (Fig. 9).
Synaptic density is not uniform along the tonotopic gradient of the cochlea. For
example, [HCs in the region of the cochlea most sensitive to sound (e.g. the most
sensitive region in the audiogram) have the greatest density of synapses [43].
Furthermore, there is morphological and functional variability in the ribbon
synapses within a hair cell, with ribbons located on the central side of the hair cell,
closest to the ANFs, tending to be larger in size having greater synaptic strength
than ribbon synapses on the lateral side of the hair cell [47]. The high threshold,
low spontaneous rate ANFs (see §3.7.4) typically form synaptic connections on
the central side of the hair cell [48] suggesting that ribbon synapse properties
contribute to the heterogeneity in the functional properties of the ANFs.
Interestingly it is these synaptic connections that are most susceptible to damage
following exposure to sounds at moderate to high intensities [49, 50].

Fig. 9. Immunohistochemical studies can label various components of the hair cell to auditory neuron
synapse. (A) Illustration of the organ of Corti in transverse section, showing one row of inner hair
cells (IHCs) and three adjacent rows of outer hair cells (OHCs), located on the basilar membrane
(BM). (B) Ribbon synapses located on the basolateral surface of the IHC (arrow) below the IHC
nucleus. (C) Synapsin 1 immunochemistry as observed in the basolateral poles of both the IHC and
OHC:s (arrows), but with greater density on the IHC (longer arrow; reflecting synapses from up to 30
Type 1 auditory neurons which converge onto the base of each IHC). (D) The processes of the
auditory neurons (both afferent and efferent) labelled with the pan neuronal marker, neurofilament.
Note the concentration of fibres around the base of the IHC and the projecting neural fibres across
the tunnel of Corti to the OHCs (smaller arrows). Scale bar = 10 pum. Perforated lines show
approximate circumference of the inner and outer hair cell bodies. Images generously provided by
Ms Tomoko Hyakumura.
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3.6. The response of the auditory nerve

We have already noted that 90-95% of ANFs innervate the IHC. This means that
almost all afferent input to the central auditory system comes via APs generated at
the level of the IHC.

3.6.1. Spontaneous activity

Spontaneous activity in ANFs varies from levels as low as 0.5 spikes/s up to 120
spikes/s in the absence of acoustic stimulation. Spike rates increase above this
spontaneous level during acoustic stimulation.

3.6.2. Activity during acoustic stimulation

Following the onset of an acoustic tone ANFs show an initial burst of neural
activity which declines rapidly over the first 10-20 ms, and then more slowly over
periods of minutes (Fig. 10). These periods of rapid and more long-term adaptation
are thought to reflect changes in the neurotransmitter release process from the IHC
[51]. The timing of the first action potential evoked by the acoustic stimulus is
important for signalling the sound onset and also to signal fast amplitude transients
required for the interpretation of temporal fine structure in complex sounds [52].
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Fig. 10. A post-stimulus time histogram plotting the number of AP’s following the onset of a tone
burst (black bar). The tone-burst is repeated many times in order to obtain an accurate profile of the
timing of APs. The small delay between the onset of the tone pip and the onset of AP activity reflects
acoustic travel time, the propagation of the BM travelling wave and the IHC/ANF synaptic delay.
(adapted from [24]. Reprinted with permission MIT Press).
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3.6.3. Frequency selectivity

All ANFs exhibit highly tuned frequency response characteristics similar to the
frequency-threshold curve measured at the level of the BM (Fig. 6). At the ANF
level, these curves are obtained by measuring the intensity at frequencies where
the rate of AP generation is increased above spontaneous level by some defined
amount (Fig. 11a). The best or characteristic frequency (CF) of each ANF is
determined by the location along the tonotopically organized BM at which that
fiber innervates the organ of Corti [53]. High frequency CF fibers project to sites
within the cochlear base, while lower frequency CF fibers project to more apical
sites. Thus the orderly tonotopic organization of the BM is maintained within the
auditory nerve. Our ability to discriminate high frequencies (>4—5 kHz) is thought
to be solely based on the site of BM stimulation and is known as the place theory
of frequency coding.

At lower frequencies, IHC receptor potentials preserve the phase information
contained within the incident acoustic stimulus, i.e., they become phase-locked to
the stimulus. This fine temporal information is also observed in ANF responses
(Fig. 11b), and forms the basis of the volley theory of frequency coding [54].

Although an individual ANF can respond with a limited number of synchronized
APs, within a population of these fibers an AP can be generated for each cycle of
the acoustic stimulus, thus providing the central auditory system with temporally