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The internal anal sphincter (IAS) plays an important role in the maintenance of fecal continence since it generates tone and
is responsible for > 70% of resting anal pressure. During normal defecation the IAS relaxes. Historically, tone generation in
gastrointestinal muscles was attributed to mechanisms arising directly from smooth muscle cells, ie, myogenic activity. However, slow
waves are now known to play a fundamental role in regulating gastrointestinal motility and these electrical events are generated by
the interstitial cells of Cajal. Recently, interstitial cells of Cajal, as well as slow waves, have also been identified in the IAS making them
viable candidates for tone generation. In this review we discuss four different mechanisms that likely contribute to tone generation
in the 1AS. Three of these involve membrane potential, L-type Ca’" channels and electromechanical coupling (ie, summation of
asynchronous phasic activity, partial tetanus, and window current), whereas the fourth involves the regulation of myofilament Ca**
sensitivity. Contractile activity in the IAS is also modulated by sympathetic motor neurons that significantly increase tone and anal
pressure, as well as inhibitory motor neurons (particularly nitrergic and vasoactive intestinal peptidergic) that abolish contraction and
assist with normal defecation. Alterations in IAS motility are associated with disorders such as fecal incontinence and anal fissures that
significantly decrease the quality of life. Understanding in greater detail how tone is regulated in the IAS is important for developing
more effective treatment strategies for these debilitating defecation disorders.

(J Neurogastroenterol Motil 2019;25:189-204)
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Introduction

The internal anal sphincter (IAS) is an involuntary smooth
muscle sphincter located at the distal extremity of the gastrointes-
tinal (GI) tract. It is formed by a thickening of the circular muscle
layer and is surrounded by skeletal muscle of the external anal
sphincter (FAS). Defecation is regulated by the functions of both
of these sphincters and associated pelvic floor muscles. The IAS
plays a significant role in the maintenance of fecal continence since
it is responsible for > 70% of resting anal pressure due to its ability
to generate tone.” Because of this barrier function, the IAS differs

significantly from other GI muscles that are involved in the mixing,
storage, and propulsion of luminal contents.

Alterations in IAS motility are associated with disorders such
as fecal incontinence and anal fissures. These disorders are not life
threatening but can result in a significant decrease in the quality
of life.”® Decreased anal pressure can lead to fecal incontinence,
while elevated anal pressure is observed in patients with an anal
fissure due to hypercontractility of the IAS.” Treatments for anal
fissures include sphincterectomy, botulinum toxin injection, and
topical application of glyceryl trinitrate, L-type Ca’" channel or
a-adrenoceptor blockers.”"” Although relatively effective in treating

this painful condition, in many instances, the treatment itself can
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lead to fecal incontinence. Conversely, treatment of fecal inconti-
nence has not been entirely successful to date. Current strategies
include the use of bulking agents, biofeedback therapy, magnetic
beads, sacral nerve stimulation, nerve grafts, topical application of
o-adrenoceptor agonists and most recently artificial sphincters and
stem cell therapy." ™ Many of these treatments are invasive, eg, sur-
gical placement of a sacral nerve stimulator or magnetic beads, or
have short-lived effects, eg, topical application of pharmacological
agents. Bioengineered sphincters and stem cell therapy, while also
invasive, are promising avenues but still early in the development
phase.”

Achieving a better understanding of the fundamental properties
that underlie tone development in the IAS and the manner in which
nerves modulate this activity are important goals for informing the
development of more effective treatment strategies for the afore-
mentioned debilitating defecation disorders. To follow is a review
of our current understanding of the mechanisms underlying the

control of TAS motility.

Morphology of the Internal Anal
Sphincter

Organization of Internal Anal Sphincter Smooth
Muscle

The IAS occupies the distal most section of the GI tract. Both
circular and longitudinal muscle layers are present but these layers
are separated by a sparsely occupied connective tissue space sug-
gesting minimal electrical communication."®" The sphincter func-
tion of the IAS is mediated by the circular muscle layer. An impor-
tant morphological feature of the circular muscle layer of the IAS is
that it is divided into discrete bundles separated by connective tissue
septa which we have referred to as “minibundles.” In mouse, mini-
bundles extend from the myenteric to the submucosal surface of
the circular muscle layer with the entire width of the IAS consisting
of only 5-8 minibundles.”® In contrast, the circular muscle layer of
larger animals such as dog, sheep, monkey and human consists of
numerous minibundles stacked next to one another in the transverse
and longitudinal directions (Fig. 1)."***""** One consequence of this
bundle arrangement is that there is significantly more connective
tissue in the TAS than in muscles of the large intestine; a feature that
likely contributes to the tensile strength of the IAS. The separation
of minibundles by connective tissue septa is also likely to limit the
degree to which adjacent bundles are electrically coupled to one an-

other. This impacts how the contractions of individual minibundles

summate; a concept that is discussed in subsequent sections.

General Features of Interstitial Cells of Cajal

In addition to smooth muscle, the “muscularis externa” of the
GI tract contains a second cellular component with high expression
levels of the receptor tyrosine kinase Kit. These Kit" cells are called
interstitial cells of Cajal (ICC). ICC are widely recognized as the
pacemaker cells of the GI tract, giving rise to slow waves (SWs).
The conduction of SWs from ICC to adjacent smooth muscle cells
(SMCs) via gap junctions gives rise to phasic contractions.”” The
subtype of ICC responsible for SW generation are generally stel-
late in appearance and located predominantly in networks at the
myenteric (ICC-MY) and submucosal (ICC-SM) surfaces of the
circular muscle layer. A second subtype of ICC is located within the

Figure 1. Morphology of the Cynomolgus monkey rectoanal region.
(A-C) Comparison of the morphology of the smooth muscle bundles
of the monkey internal anal sphincter (IAS) and rectum stained with
Masson’s trichrome (adapted from Cobine et al'” with permission).
Smooth muscle is stained red/purple and connective tissue is stained
blue. (A) Thin section of the distal most 5 mm of the gastrointestinal
(GI) tract at low magnification. (B) Higher magnification image of
the distal IAS. Many minibundles (red) separated by connective tissue
septa (blue) are present. (C) Rectal bundles from another rectoanal
preparation at the same magnification as (B). Entire circular muscle
(CM) bundles as well as longitudinal muscle (LM) can be visualized
since the rectum is thinner than the IAS. Less connective tissue is also
present within and between rectal muscle bundles.

190 Journal of Neurogastroenterology and Motility



circular and longitudinal muscle layers. These intramuscular ICC
(ICC-IM) run parallel to SMCs and are generally spindle-shaped
in morphology. ICC-IM are found in close association with nerves
and have been shown to play an important role in excitatory and

inhibitory neuromuscular transmission (NMT).*"**

Interstitial Cells of Cajal in the Internal Anal
Sphincter

ICC have also been identified in the IAS of mouse, monkey,
and humans with immunohistochemical techniques (Fig. 2A and
2C),"*** and in the dog TAS with electron microscopy."* In mouse,
the volume occupied by ICC is estimated to be about 5% of the to-
tal circular muscle layer volume.” There are significant differences
in the morphology and localization of ICC in the IAS versus the
large intestine. Whereas ICC-MY, ICC-IM, and ICC-SM are all
represented in the rectum the density of ICC-MY and ICC-SM
declines in the aboral direction leaving only ICC-IM in the distal
IAS. Interestingly, the distal IAS is also where the largest and high-
est frequency SWs occur.'® The morphology of ICC-IM in dog
and monkey also changes from spindle-shaped cells in the rectum to
highly branched cells in the IAS (Fig. 2A and 2B)."*" Since ICC-
MY and ICC-SM are absent from the IAS and the morphology of
ICC-IM resembles that of other pacemaker ICC, we have hypoth-
esized that ICC-IM are the pacemaker cells of the IAS."” Recently,
we have undertaken studies using the Kit-GCaMP3" mouse; a
transgenic mouse that expresses the Ca’" sensitive fluorophore
GCaMP3 in ICC-IM. These preliminary studies have identified
whole cell Ca*" transients in GCaMP3 " cells that are synchronized

A Mon key IAS

C Mouse IAS

B Mon key rectum

D "Mouse rectum
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with adjacent GCaMP3 " cells. Furthermore, the frequency of Ca**
transients in GCaMP3 ™ cells is equivalent to the frequency of SWs
in the mouse IAS.”* These data provide additional evidence that
ICC-IM are the pacemaker cells of the IAS.

General Features of Platelet-derived Growth Factor
Receptor a-positive Cells

A second population of interstitial cells has also been identified
in the muscularis externa. These cells were originally described as
“fibroblast-like cells” because they share a number of morphologi-
cal features in common with true fibroblasts.”” However, since
fibroblast-like cells highly express the receptor tyrosine kinase
platelet-derived growth factor receptor oo (PDGF ) they have now
been assigned the name “PDGFRa" cells.”***” SMCs, ICC, and
PDGFRq" cells form gap junctions with one another and together
they comprise the “SIP syncytium,” ie, an arrangement that coordi-

nates the electrical signals related to pacemaker activity and NMT.”

Platelet-derived Growth Factor Receptor a-positive
Cells in the Internal Anal Sphincter

PDGFRaq" cells are also present in the muscularis externa of
the mouse and monkey IAS (Fig. 3).”*"
volume occupied by PDGFRa." cells is about 15% of total muscle

In mouse, the estimated

volume which is about 3X the volume occupied by ICC.* Like
monkey ICC-IM, the morphology of PDGFRq." cells changes
from predominantly spindle-shaped cells in rectum to more stellate-
shaped cells in the IAS (Fig. 3).”

Figure 2. Immunohistochemical label-
ing of receptor tyrosine kinase Kit"
intramuscular interstitial cells of Cajal
(ICC-IM) in the monkey and mouse
rectoanal regions. (A) ICC-IM are
highly branched stellate-shaped cells in
the monkey internal anal sphincter (IAS)
whereas (B) they are more spindle-
shaped in rectum and run parallel to
smooth muscle cells (SMCs). (C, D)
Intramuscular ICC also run parallel to
SMCs in the wildtype mouse IAS and
rectum but are spindle-shaped. While
ICC-IM in monkey rectum (B) are less
branched than in the monkey IAS (A),
they are more branched than ICC-IM
in the mouse IAS (C) and rectum (D).
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Electrical and Contractile Properties of the
Internal Anal Sphincter

Spontaneous Electrical Activity

Membrane potential (Em) in the TAS is seldom quiescent.
Rather, rhythmic oscillations in the Em occur that we refer to as
SWs even though they do not share all of the properties described
for SWs elsewhere in the GI tract. SWs were first identified in the
cat TAS with sucrose gap techniques’' and later with microelectrode
measurements in the dog, monkey, and mouse IAS (Fig. 4).*”* SW
frequencies range from about 45-80 cpm in mouse'®*** to about 15-
30 cpm in the dog and monkey IAS. ™ SW amplitude varies but
rarely exceeds 30 mV. The SWs of the IAS differ in several ways
from intestinal SWs. Importantly, IAS SWs are abolished by the
L-type Ca’" channel (Cav; ) blocker nifedipine (Fig. SA), whereas
intestinal SWs are not (Fig. 5B).""*" TAS SWs also lack the rapid

A Mon key 1AS

C MouselAS

A Mouse IAS B Dogias

20 mV

B Mon key rectum

D Mouse rectum

upstroke that is characteristic of intestinal SWs (ie, 1-10 V/sec max-
imum dV/dt for small intestine™* versus 10-100 mV/sec maximum
dV/dt for the IAS™). The rapid dV/dt of intestinal SWis is due to T-
type Ca’" channels that activate at more negative voltages and are
unaffected by Cav; blockers.” Instead, TAS SWs reach peak de-
polarization approximately half way through the electrical event. In
studies of the dog TAS, SW amplitude and frequency were found to
be the same across the thickness of the circular muscle layer. Indeed,
even isolated subsections of the muscle thickness had equivalent
SWs" suggesting that they arise throughout the muscle thickness.
This behavior is in keeping with our hypothesis that ICC-IM are
responsible for the generation of SWs since ICC-IM are also dis-
tributed throughout the muscle thickness.

Although the frequency and amplitude of SWs in the dis-
tal IAS is the same across the muscle thickness and around the
circumference, both frequency and amplitude decline in the oral

16,32,33

direction. Upon reaching the rectum electrical activity across

the muscle thickness is no longer homogenous. Rather;, SWs begin

Figure 3. Immunohistochemical label-
ing of intramuscular platelet-derived
growth factor receptor a-positive
(PDGFRa ") cells in the monkey and
mouse rectoanal regions. Intramuscular
PDGFRa " cells run parallel to the
smooth muscle cells (SMCs) and are
highly branched stellate-shaped cells in
the monkey (A) and mouse (C) internal
anal sphincter (IAS). Intramuscular
PDGFRa" cells also run parallel to
SMCs in rectum but differ from the
IAS in that they are more spindle-
shaped (B, monkey; D, mouse).

C Monkey I1AS

20 mV 20 mV

30 sec 30 sec

30 sec

Figure 4. Slow wave (SW) activity in the mouse, dog, and monkey internal anal sphincter (IAS). Sample traces of SW activity recorded from the
mouse (A), dog (B), and monkey (C) IAS. Note that the frequency of SWss is significantly higher in the mouse IAS.
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Figure 5. Effect of nifedipine on slow waves (SWs) and contractile activity in the dog and monkey rectoanal region. (A) Sample traces of SWs re-

corded from the dog internal anal sphincter (IAS) under control conditions (left trace) and at 8 minutes and 15 minutes following addition of nife-

dipine (middle and right traces). Nifedipine completely abolished SWs after 15 minutes. (B) Sample traces of SWs recorded from the submucosal

side of the circular muscle in the dog rectum under control conditions (left trace) and at § minutes and 20 minutes following addition of nifedipine

(middle and right traces). SWs were not abolished by nifedipine but upstroke velocity and duration were decreased. (A) and (B) are adapted from

Mutafova-Yambolieva et al* with permission. Sample traces of the contractile activity recorded from the monkey IAS (C) and rectum (D) before

and after addition of nifedipine. Dotted line indicates zero active contraction. Contractile activity in the IAS consisted of phasic contractions super-

imposed upon tone. Inset shows phasic contractions at a faster sweep speed (C). Contractile activity in the rectum was predominantly phasic (D).

Nifedipine abolished tone and phasic contractions in both muscles (C, D).

to appear at the submucosal edge that resemble those previously
described for the dog and human colon."**' These changes in SW
properties in rectum correspond to the gradual appearance of ICC-
SM that have been identified with immunohistochemical tech-
niques.”

In addition to differences in SWs between the IAS and rectum
there are also differences in the level of Em reached between SWs
which we shall refer to as “resting Em.” In the IAS, resting Em
ranges from -43 to -49 mV whereas in the rectum it is significantly
more negative, ie, S mV gradient in mouse," 20 mV gradient in
dog,” and 7 mV gradient in monkey.” There is evidence that
anoctamin-1 (ANO1) currents in ICC-IM contribute to this depo-

larized Em.” The gradual hyperpolarization of Em in the proximal
direction is one reason why contractile activity transitions from tone
generation in the IAS to predominantly phasic contractions in the

rectum.

Relationship Between Electrical and Contractile
Activity

In addition to tone, the IAS also exhibits phasic contrac-
tions (Fig. 5C and 6A) and SWs (Fig. 4, SA, and 6B). Thus, the
conventional description of the TAS as a “purely tonic muscle”"
requires revision. Rather, the IAS is a phasically active muscle that

generates tone. Tone is greatest at the distal end of the IAS where
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Figure 6. Changes in contractile and electrical activity in the Cynomolgus monkey internal anal sphincter (IAS) after application of various drugs.
(A) Sample traces of contractile activity in the monkey IAS. [a] Tone and phasic activity were observed under control conditions. Following NOS
blockade with N-Nitro-L-arginine (L-NNA; 100 uM) the amplitude of tone increased while phasic contractile amplitude decreased. This effect
was reversed with 3-30 nM sodium nitroprusside (SNP) while the highest concentration of SNP (100 nM) abolished contraction. [b] Contrac-
tile activity in another muscle segment in the presence of L-NNA. The actions of 1 pM pinacidil were similar to those of 30 nM SNP and were
reversed by 1 pM glibenclamide. Subsequent addition of SNP (100 nM) abolished all contractile activity. (B) Sample traces of electrical activity
in the monkey IAS. [a] Slow waves (SWs) were present in the monkey IAS under control conditions (left). After addition of L-NNA membrane
potential (Em) depolarized and SW amplitude was reduced (right). [b] Different microelectrode recording in the presence of L-NNA. SW activ-
ity was restored following addition of 30 nM SNP. [¢] Different microelectrode recording in the presence of L-NNA. SNP (100 nM) resulted in
a transient period of larger amplitude SWs followed by further hyperpolarization and blockade of SWs. [d] Different microelectrode recording in
the presence of L.-NNA. Pinacidil (1 uM) caused hyperpolarization and the return of SWs.* Higher concentrations of pinacidil abolished con-
traction as well as SWs (data not shown).

SW frequency and amplitude are greatest.'™” In subsequent sec-
tions we describe 2 mechanisms capable of giving rise to tone
through summation of phasic events. Contraction and SWs in
the TAS are highly sensitive to blockade of Cav; channels with
dihydropyridines such as nifedipine (Fig. SA and 5C) or to drugs
that hyperpolarize Em such as the K, channel opener pinacidil
(Fig. 6Ab, Bd) and the NO-donor sodium nitroprusside (SN,
Fig. 6Aa, 6Bb, and 6Bc).”""*** Thus electromechanical coupling
mechanisms clearly play an important role in regulating IAS motil-

ity

Effect of Tonic Nitrergic Activity on Electrical and
Contractile Activity
Spontaneous contractile activity in many GI muscles is subject

to strong tonic nitrergic inhibition, """

This is particularly evident
in the monkey IAS in vitro which exhibits large phasic contrac-
tions superimposed upon tone when nitric oxide synthase (NOS)

activity is present.”"*** Following NOS blockade with N-Nitro-

L-arginine (LL-NNA) tone increases while phasic contractile
amplitude decreases (Fig. 6Aa). NOS inhibition also depolarizes
Em and decreases SW amplitude (Fig. 6Ba). Thus, the increased
tone accompanying NOS blockade is likely due, at least in part, to
an increase in Ca’" entry via Cav, window current”* as further
discussed in a later section. NO also directly inhibits Cav; ** and

7% effects that are

enhances Ca’" uptake into intracellular stores
relieved by NOS inhibition. Finally NO can decrease myofilament
sensitization”'; an action that is also relieved by NOS inhibition.
The effects of NOS blockade on contraction, Em and SWs
are all reversed with low concentrations of the NO-donor SNP
(Fig. 6Aa and 6Bb) or with pinacidil (Fig. 6Ab and 6Bd). Higher
concentrations of SNP abolish contraction along with producing
greater hyperpolarization and loss of SWs (Fig. 6Aa and 6Bc).
These effects are also mimicked by higher concentrations of pinaci-
dil (data not shown). Thus, pure tonic contraction occurs when Em
is sufficiently depolarized to generate Cav, window current without

SWs while contraction is abolished when FEm is hyperpolarized be-
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low the activation threshold for Cav; ; an action that also eliminates
SWs. Between these extremes is a range of Em where tone, phasic
contractions and SWis are all present.”* Thus motility in the TAS
is highly dependent upon Em. Since nerves produce large rapid
changes in Em (ie, junction potentials), they are ideally suited for

moment to moment adjustments in IAS motility.

Role of Chloride Channels in Electrical and
Contractile Activity

Chloride ion (CI') channels have long been proposed as con-
tributors to resting Em in the smooth muscle.”” More recently
it has been shown that intestinal ICC express ANO1, a Ca’'-
activated CI” channel, at far greater levels than SMCs.”"* There
is now substantial evidence that ANOLI in ICC plays a central role
in the generation of SWs. Briefly, intermittent release of Ca** from
the endoplasmic reticulum in pacemaker ICC results in activation
of ANOI and spontaneous transient inward currents (STICs).
The intermittent depolarizations generated by STIC activity then
activate voltage dependent Ca’" channels resulting in a full blown
SW63,64,67769

Since our hypothesis is that ICC-IM are responsible for SW
generation in the IAS, experiments were undertaken to determine
whether ANOLI also contributes to the electrical and contractile ac-
tivity of the mouse TAS. These studies revealed that: (1) Anol gene
expression is 26x greater in ICC-IM than in SMCs, (2) ANO1
protein expression is resolvable in ICC but not in SMCs, and (3)
ANOL antagonists abolished SWs, phasic contractions and tone as
well as causing a small hyperpolarization of resting Em. These data
suggest that ANO1 in ICC plays a central role in the generation of
SWs and contractile activity in the TAS.”

Tone Generation in the Internal Anal
Sphincter

Historically, tone has been attributed to contractile mechanisms
arising directly from the SMCs, ie, myogenic activity. However, as
introduced above, there is increasing evidence that ICC participate
in tone generation in the TAS. In this section we explore four dif-
ferent mechanisms that may give rise to tone in the IAS. Three of
these are critically dependent upon electromechanical coupling and

Cav, activity, whereas the fourth (ie, myofilament sensitivity) is not.

Summation of Asynchronous Phasic Activity
Skeletal postural muscles can maintain tone over extended pe-

riods of time.”" Tone in these muscles is achieved through the sum-

Control of Motility in the Internal Anal Sphincter

mation of contractile activity associated with asynchronous firing
of motor units. It is possible that a similar mechanism contributes
to tone generation in the IAS. An important difference however is
that the equivalent “motor unit” in the IAS is a minibundle with
SMCs electrically coupled to one another but electrically isolated
from neighboring bundles. This description differs somewhat from
the classic definition of smooth muscles as either “single unit” (all
cells electrically coupled to neighbors) or “multiunit” (each cell
electrically isolated from its neighbors), but it is appropriate for the
GI tract where most muscles fall somewhere in between these two
extremes. As described in the previous section, pacemaker activity
is distributed across the thickness of the TAS, indicating that each
minibundle is electrically active. If adjacent minibundles are poorly
coupled and independently driven by pacemaker cells, then tone
may arise through summation of asynchronous activity. To date this
hypothesis has not been tested in the IAS of a large animal such as
dog or monkey. However, one study'® has been completed in the
mouse IAS which is composed of far fewer minibundles (ie, 5-8)
each separated by thin connective tissue septa. Dual microelectrode
recordings revealed declining SW “coordination” (defined as a con-
stant phase relationship between SWs) as electrode separation was
increased. Thus, only 40% of SWs were coordinated when the oral/
anal electrode separation was 0.25 mm (ie, a few minibundles) while
significantly greater coordination was observed in the long axis of
SMCs (ie, 40% at 1 mm) (Fig. 7A). However, even 1 mm still
amounts to less than 15% of the intact IAS circumference. Thus,
even in the mouse IAS; the circular muscle layer did not behave
strictly as a “single unit” but rather as a composite of minibundles
that were only loosely coupled to one another.”® The contractions
generated by such asynchronous activity is predicted to raise tone in

the muscle.

Partial Tetanus

Tone can also occur in skeletal muscle when the frequency of
stimulation is so high that contraction ceases to return to baseline
between stimuli. This phenomenon is referred to as “partial (in-
complete) tetanus” and it is due to the inability of Ca** removal to
keep up with Ca** delivery resulting in increased basal cytoplasmic
[Ca*"].” Contractile activity in the TAS resembles partial tetanus
in that phasic contractions are superimposed upon tone. To investi-
gate whether a “partial tetanus” type mechanism might contribute
to tone generation we examined Ca’" transients in the IAS of a
transgenic mouse that expresses the Ca** sensitive fluorophore
GCaMP3 in SMCs (SM-GCaMP3; Fig. 7B). The frequency
of Ca’" transients in GCaMP3 " cells (70-80 cpm) was equivalent
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Figure 7. Examples of electromechanical coupling behaviors in the internal anal sphincter (IAS; A-C) that give rise to tone and their possible
relationship to myofilament sensitization (D). (A) Summation of asynchronous phasic activity. Microelectrode studies in the mouse IAS reveal sig-
nificantly greater coordination of slow waves (SWs) in the circumferential (red squares) than in the oral (black circles) direction indicating that the
IAS does not behave as a “single unit.” Instead, asynchronous (aka uncoordinated) phasic activity is present that will sum to generate tone (adapted
from Hall et al'® with permission). (B) Partial tetanus. Calcium imaging studies in the SM-GCaMP3 mouse IAS reveal high frequency Ca®*
transients (fluorescence intensity) at the SW frequency (75 cpm). When contraction is abolished with electrical field stimulation (EFS) of nerves'”
cytoplasmic Ca** declines significantly indicating that it is normally elevated when tone is present. These data™” support a partial tetanus-type
mechanism as described in the text. (C) Window current. Superimposed SW recordings from the mouse (black) and monkey (red) IAS reveal
that while SW frequency is greater in the mouse membrane potential (Em) remains depolarized over a greater period of time in monkey. These
conditions result in greater window current in monkey that will contribute to tone development. (D) Myofilament sensitization. Cartoon depicting
the possible relationship between myofilament sensitization, electromechanical coupling and contraction in the IAS and rectum. Plotted is percent
maximum contraction as a function of intracellular Ca’* concentration (pCa) for the TAS (left), rectum (middle), and for zero myofilament sensi-
tization (right). The TAS curve is to the left of rectum because of greater myofilament sensitization.” pCa remains elevated in the IAS (green dot)

since resting Em is more depolarized and SW frequency is greater than in rectum.'®”

Elevated pCa will give rise to tone. Fluctuations in pCa
above the green dot with each SW (black arrow, left curve) will result in phasic contractions superimposed upon tone. The overall fluctuations in
pCa in the tissue will be dampened by asynchronous activity in adjacent muscle bundles. The pCa/contraction curve for rectum is depicted to the
left of zero sensitization since there is also some myofilament sensitization in rectum.” pCa between SWs in rectum (blue dot, middle curve) is less
than in the TAS (green dot, left curve) because resting Em is more negative and SWs occur at a lower frequency. With each SW, pCa transiently
rises (dashed arrow, middle curve) generating a phasic contraction. Tone can develop in the rectum if depolarization is sustained (eg, elevation of
extracellular potassium concentration”). Blockade of L-type Ca** channel (Cav; )-dependent Ca*" entry (eg, nifedipine [x]) decreases pCa and
abolishes contraction in both muscles. In contrast, blockade of Rho-associated protein kinase 2 (ROCK2) activity (eg, Y27632 [y]) shifts the pCa/
contraction curve of both muscles toward zero sensitization, again abolishing (or greatly diminishing) contraction.
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to the SW frequency suggesting that Ca’" transients are initiated
by SWs. The Ca** removal rate was estimated by determining the
time constant (t = 0.4-0.5 seconds) for the decline of Ca’" fol-
lowing transient peaks. Importantly, we also found that the level of
intracellular Ca®* between transients was significantly greater than
in the absence of contraction. Thus, the rate of Ca’" removal was
insufficient to return Ca’* to non-contractile levels before the arrival
of the next Ca’" transient, suggesting a partial tetanus-type mecha-
nism, ie, an inability of cells to clear or sequester Ca’" between rapid

frequency voltage-dependent Ca”* entry events (ie, SWs).”"

Window Current

Cav; play a central role in delivering Ca** to the cytoplasm
for IAS contraction.” Both the activation and inactivation of Cav;
are voltage dependent processes with maximum current occurring
around 0 mV and threshold current appearing around -50 to -45
mV. Between these extremes sustained Ca** entry can occur since
Cav,, are activated and inactivation is incomplete. This sustained

52-54,74-76
” " and has long been

current is referred to as “window current
associated with the sustained contraction that occurs in blood vessels
upon exposure to a depolarizing concentration of extracellular po-
tassium ([K*],).” Likewise, exposure of the phasically active dog
gastric antrum to a depolarizing concentration of [K'], results in
tone generation.” Resting Em in the IAS is more depolarized than
intestine, placing it nominally within the range of window current.
Thus Cav; window currents associated with the depolarized level of
resting Em in the IAS likely contributes to tone generation.

The frequency of SWs in the dog and monkey IAS is signifi-
cantly lower than in the mouse IAS (Fig. 4). However, the rate of
SW depolarization and repolarization is also lower (Fig. 7C). For
this reason, xm remains significantly above the threshold for acti-
vation of Cav; channels for a longer period of time. Under these
circumstances both time dependent and -independent (ie, window
current) processes will contribute to Ca*" entry. Prolonged depolar-
ization and Ca’* entry therefore are likely to play a more important
role in tone development in the dog and monkey IAS than a partial
tetanus-type mechanism. Indeed, when NOS activity is blocked in
the monkey IAS, Em depolarizes, and SWs are largely eliminated
(Fig. 6B). Under these conditions, window current becomes the
only electromechanical coupling mechanism associated with tone

development.

Myofilament Sensitivity
The final mechanism to be considered for tone generation in
the TAS is enhanced sensitivity of the myofilaments to Ca’". Smooth

Control of Motility in the Internal Anal Sphincter

muscle contraction occurs when the 20-kD regulatory light chain
of myosin (ML.C,,) is phosphorylated. The degree of contraction
therefore depends upon a balance between the activities of myosin
light chain kinase which phosphorylates ML.C,; and myosin light
change phosphatase (MLCP) which dephosphorylates ML.C,,.
MILCP consists of a catalytic subunit (protein phosphatase 1, or
PP1) and a regulatory subunit (myosin phosphatase target subunit
1, or MYPT1). MYPT1 facilitates the ability of PP1 to dephos-
phorylate MILLC,, thereby terminating contraction. When MYPT1
is phosphorylated it no longer facilitates PP1, MLC,, remains
phosphorylated and contraction persists. Thus, pathways that in-
crease MYPT'1 phosphorylation increase the amount of contraction
occurring for a given level of intracellular Ca**, ie, myofilament
sensitization.”** An important regulator of MYPT1 phosphoryla-
tion is Ras homolog gene family, member A (RhoA). Activation
of RhoA leads to activation of Rho-associated protein kinase 2
(ROCK2) which then phosphorylates MYPTT.

The most comprehensive examination of the RhoA/ROCK2/
MYPT1 Ca’" sensitization pathway in the TAS are studies of rat
and human GI muscles by Rattan and coworkers.”” Specifically,
these investigators reported that: (1) RhoA, ROCK2, and MYPT1
phosphorylation levels were greater in IAS than in the rectum, (2)
ROCK2 antagonists abolished MYPT1 phosphorylation as well
IAS contraction, and (3) the potency of ROCK2 antagonists in
blocking contraction was significantly greater in the IAS than in
the rectum. From these data the authors concluded that tone in the
TAS was due to greater Ca®" sensitization via the RhoA/ROCK2/
MYPT1 pathway. We have repeated these experiments in the
monkey IAS and the rectum. Our results are in general agreement
with those of Rattan and Singh,” in that western blot measurements
revealed greater MYPT'1 phosphorylation and ROCK2 expression
in the IAS than in the rectum. In contrast, only small differences
were noted in the potency of ROCK2 inhibitors between muscles.”
It is important to recognize that the differences in myofilament
sensitivity occurring in the IAS and rectum are relative rather than
absolute. Furthermore, as noted previously, contraction in both
muscles is highly sensitive to Cav; inhibitors (Fig. SC). Thus, elec-
tromechanical mechanisms and myofilament sensitivity represent
interrelated properties that together determine the final pattern
of contraction in both muscles. A cartoon of these interactions is

shown in Figure 7D.
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Control of Motility in the Internal Anal
Sphincter by Nerves

The IAS is innervated by both excitatory and inhibitory motor
neurons that can profoundly affect smooth muscle contraction. A
unique aspect of this innervation is that a plexus of nerves is absent
from the IAS myenteric surface ie, the site at which the cell bodies
of motor neurons are typically located. None-the-less, both varicose
neuronal NOS (nNOS)" and tyrosine hydroxylase (TH ") neurons
are present throughout the thickness of the circular muscle layer.
The available evidence suggests that the cell bodies of NNOS" neu-
rons are located in more proximal GI regions, whereas the cell bod-
ies of TH" neurons arise extrinsically. In this section we review the
predominant excitatory and inhibitory motor pathways identified
that regulate IAS motility.

Excitatory Motor Innervation

Excitatory motor innervation to the IAS of non-rodent species

4.44,92-94 . . . .
whereas in the intestine sympathetic nerves

95,96

is sympathetic
serve a neuromodulatory role.”™ Postganglionic sympathetic neu-
rons originate in the inferior mesenteric ganglion or pelvic plexus
and travel to the IAS via lumbar colonic nerves, hypogastric nerves,
or branches of the pelvic plexus.””” Cutting the hypogastric nerve
and/or lumbar colonic nerve as well as high spinal anesthesia re-
duces TAS contraction, whereas stimulation of sympathetic nerve
trunks increases contraction."”"" These data support an excitatory
role for sympathetic nerves in the IAS. As described in the previous
sections, sympathetic nerves are not essential for tone generation in
the IAS. However, given the strength of this motor pathway (eg,
sympathetic nerves at least double contraction in vitro in the mon-
key IAS™*) they likely assist in maintaining or elevating anal pres-
sure under some circumstances.

In keeping with the functional properties of sympathetic nerves
described above, morphological studies have identified varicose
TH" fibers throughout the TAS circular muscle layer at densities

15,103,107 . . .
where motor innervation is

exceeding those of the rectum
cholinergic.”**" The transition from sympathetic to cholinergic
motor innervation in the dog rectoanal region is accompanied by
a gradient in the contractile response to exogenously applied neu-
rotransmitters. Thus, norepinephrine is most efficacious in the distal
TAS and acetylcholine is least efficacious. The reverse is true for the
proximal rectum. Furthermore, these differences in agonist efficacy
are accompanied by corresponding gradients in adrenergic o1 and

muscarinic receptor densities from the IAS to the rectum.” Other

studies of the pig, sheep and human IAS have shown that o.1A re-
ceptors are the predominant receptor subtype underlying adrenergic

contractile responses along with 1L and g2D."*'"”

Inhibitory Motor Innervation

The IAS is also innervated by inhibitory motor neurons. These
nerves participate in relaxation of the IAS during the rectoanal
inhibitory reflex (RAIR) and during defecation.""""* The RAIR
is initiated when feces distend the rectum resulting in sensory
feedback and a transient decrease in anal pressure associated with
relaxation of the TAS. This is rapidly followed by contraction of
the EAS and puborectalis to prevent unwanted passage of fecal
contents through the anal canal, mitigating the reduction in anal
pressure. """ With further distension of the rectum, the degree of
response as well as the urge to defecate increases."*'"" When an ap-
propriate time for defecation arrives, the IAS; EAS, and puborecta-
lis all relax allowing feces to be expelled through the anal canal."®

Nitrergic nerves have been demonstrated to play a role in the
relaxation of the TAS following rectal distension.”""* It should be
noted however that a vasoactive intestinal peptide (VIP) mediated
neural pathway (VIPergic) is also likely to play a role since VIP is
a major inhibitory neurotransmitter in the TAS.*™"""* The contri-
butions of nitrergic, purinergic, and VIPergic inhibitory pathways

along with their signaling pathways are described below.

Nitrergic Inhibitory Motor Innervation

Nitric oxide (NO) plays a prominent role in inhibitory NMT
in the TAS of all species studied including man.”*”'*"'* Although
the IAS lacks a myenteric plexus there are numerous varicose nico-
tinamide adenine dinucleotide phosphate/nNOS neurons located
within the circular muscle layer.""®

Since first proposed in 1996, a number of studies have pro-
vided evidence that ICC-IM participate in nitrergic NMT in GI
muscles.”””"* ICC-IM in these studies were long, spindle shaped
cells (eg, stomach and intestine) that were closely associated with
nNOS" neurons. On the other hand, ICC-IM in the monkey IAS
are highly branched cells that have only limited association with
nNOS" neurons (ie, 8% close association).” Thus, it is presently
unclear whether ICC-IM in the monkey IAS participate in nitrer-
gic NMT. In contrast, the morphology of ICC-IM in the mouse
TAS (Fig. 2C) and the degree of association between these cells and
nNOS" neurons is very similar to that described for stomach and
intestine.” Furthermore, nitrergic inhibitory junction potentials
(IJPs) are reduced in the W/W" mouse IAS,” ie, an animal with
reduced Kit" ICC-IM."’ Consequently, a stronger case exists for
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the participation of ICC-IM in nitrergic NMT in the mouse IAS.

Studies of nitrergic NMT in the mouse IAS suggest that
multiple second messenger pathways and post-junctional effector
cells are involved.”” Curiously, guanylate cyclase protein expres-
sion levels were greatest in PDGFRa" cells, even though no role
has yet been established for PDGFRaq." cells in nitrergic NMT. In
contrast, cGIMP-dependent protein kinase (PKG) expression levels
were greatest in SIMCs. Since the guanylate cyclase inhibitor 1H-
[1,2,4]Oxadiazolo[4,3-a] quinoxalin-1-one (ODQ) greatly dimin-
ished nitrergic NMT; it suggests that cGMP plays a fundamental
role in transmission; a conclusion supported by other studies."**'?’
However, nitrergic NMT was only partially reduced in the Prkg
knockout mouse. Cyclic GMP is known to modulate other protein
targets such as cAMP dependent protein kinase, cGMP-gated
channels, and phosphodiesterases (ie, PDE3)."*""** Thus nitrer-
gic NMT likely involves PKG-dependent as well as one or more
PKG-independent pathways.

As discussed previously, the TAS is under significant tonic ni-
trergic inhibition that reduces contractile activity because of effects
upon electromechanical coupling and myofilament sensitization.
For this reason, it is extremely important to consider the status of
neural activity before reaching any conclusion with regard to the
contribution of either type of mechanism in the regulation of IAS
motility in vivo. For example, studies undertaken in the presence of
NOS inhibitors over-estimate myofilament sensitization since NO
reduces MYPT1 phosphorylation, thus restoring MLCP activ-
ity The absence of NO also results in a shift in electrome-
chanical coupling away from phasic electrical events toward greater

window current (eg, Fig. 6).

Purinergic Inhibitory Motor Innervation

Purinergic NMT is an additional neural pathway contribut-
ing to inhibitory NMT in the GI tract."” Purines released from
inhibitory motor neurons activate P2Y1 receptors™*""” located on a
unique population of intramuscular PDGFRa;” cells that are close-
ly associated with inhibitory motor neurons.”***'*’ The binding of
purines to P2Y1 receptors on PDGFRa." cells leads to Ca*" release
from the endoplasmic reticulum followed by activation of small
conductance Ca’'- activated potassium (SK3) channels, genera-
tion of an IJP and contractile inhibition.”*****"** Numerous studies
have characterized purinergic NMT in the TAS of rodents.”**!*
However, the limited evidence available from studies of the human
IAS suggests that purinergic NMT is absent."™* Likewise, puri-
nergic NMT is absent from the monkey TAS.” Functional studies

of the monkey TAS in concert with gene and protein expression
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measurements of nNOS, PDGFRq,, P2Y1 receptors, and SK3
channels suggest that purinergic NMT is absent from the monkey
IAS because of poor coupling between P2Y1 receptors and SK3
channels on PDGFRo." cells.”

Vasoactive Intestinal Peptidergic Inhibitory Motor
Innervation

A third ultraslow non-nitrergic, non-purinergic neural pathway
has been identified in the IAS. This pathway is present in the TAS
of wildtype mice but absent from the VIP knockout mouse provid-
ing direct evidence for VIPergic NMT."*
gic, non-purinergic inhibitory NMT is reduced by VIP antiserum

119-122

In addition, non-nitrer-

and by VIP receptor antagonists in the rabbit and mouse IAS.
Recently; an ultraslow non-nitrergic, non-purinergic neural pathway
has also been identified in the monkey TAS that also appears to be
due to VIP" Thus, inhibitory NMT in the monkey IAS consists
of nitrergic and VIPergic NMT, whereas in the rectum it consists
of nitrergic and purinergic NMT. It is possible that these regional
differences reflect differences in the mechanism by which each
pathway inhibits contraction. Whereas all three pathways generate
IJPs that close voltage-gated Ca”" channels, ie, electromechanical

P2 VIP and NO also decrease myofilament sensitiza-

coupling,
tion.”"" Since myofilament sensitization is greater in the TAS than
in non-sphincter muscles (eg, rectum),”™” it is possible that nitrer-
gic NMT in combination with VIPergic NMT is better suited to
inhibiting contraction in the IAS whereas nitrergic in combination
with purinergic NMT is better suited to the rectum where phasic

contractions predominate.

Summary

The IAS exhibits a number of unique morphological and
functional properties that are important for tone generation and the
maintenance of high resting anal pressure. This review highlights
four different mechanisms involved in tone generation. Fach likely
contributes in the TAS, with different emphasis occurring between
species. Two mechanisms that give rise to tone through summation
of phasic electrical events are presented. Thus, the conventional
description of the IAS as a “purely tonic muscle”* requires revision.
Rather, the TAS is best represented as a phasically active muscle that
generates tone. Electromechanical coupling mechanisms and Ca®*
sensitization may interact to generate tone and phasic contractions
in the IAS (depicted in Fig. 7D). These interactions will be further
modified by the actions of excitatory and inhibitory motor neurons.

Advancing our knowledge of how IAS motility is controlled will
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require understanding the molecular basis for the mechanisms
underlying tone generation as well as their modulation by nerves.
This knowledge is critical for the development of effective treatment
strategies for defecatory disorders.
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