




average circumferential force per unit area of the circular muscle and
is denoted in millinewtons per centimeter squared (3). The EAS
muscle active tension at rest was calculated by subtracting anal canal
tension after PB from the total tension. The IAS active tension at rest
was obtained by subtracting anal canal tension in the presence of PB
and SNP from the one after the PB.

Statistical analysis. Data are shown as means � SE. For length-
tension studies, a two-way repeated-measures ANOVA with post hoc
Tukey’s test (SPSS) was performed.

RESULTS

Length tension of the EAS: in vitro studies. EFS of EAS
muscle rings at the indicated stimulation parameters induced a
tetanic contraction that lasted for the duration of stimulus. As
expected, the amplitude of contraction increased with the
increase in the stimulation current. With the increase in the length
of EAS muscle rings, there was a linear increase in the force of
contraction at the maximal electrical stimulus. The maximum
force during EFS was reproducible and so was the passive
length-tension curve. Peak force and active force generated at
Lo were 2,895 and 2,054 mN/cm2, respectively. The latter
suggests that 71% of the total muscle force at Lo was due to
active muscle contraction and the remainder due to passive
properties of the EAS muscle and connective tissue (Fig. 2).
PB did not affect the EFS-induced contraction of EAS muscle
(peak force before and after PB were 2,114 � 123 and 2,090 �
204 mN/cm2, respectively). The latter suggests that the EFS
induced contraction was mediated by direct muscle fiber de-
polarization rather than through the neuromuscular junction
activation.

Length tension of the EAS: in vivo studies. Anal canal
pressures were measured, both at rest and during electrical
stimulation of the EAS. The representative tracings are shown
in Figs. 3A and 4A. The anal canal pressure and tension at rest
increased with increase in the probe size (Fig. 5). The maximal
tension was observed with the 9-mm probe (4,277 � 627
mN/cm2). Insertion of the 12-mm probe in the anal canal was
met with significant resistance in our preliminary experiments
and therefore the largest probe tested was 9 mm. We tried

12-mm probes in a few rabbits only and did not test the smaller
probes after it. For the other animals we tried both sequences
(small to large as well as large to small) and found no
difference in our pressure responses. In the absence of electri-
cal stimulation of the EAS muscle, PB administration caused a
small decrease in the anal canal pressure at each probe size,
which was attributed to the active EAS muscle contraction. In
the presence of PB, administration of SNP resulted in either a
small or no decrease in the anal canal pressure at each probe
size. The latter was attributed to the contribution of smooth
muscle sphincter, i.e., IAS to total anal pressure (Figs. 3A and
5A). The active EAS muscle tension increased with the in-
crease in probe size. On the other hand, active IAS tension did

Fig. 2. Effect of increasing length (L) and electrical field stimulation (EFS) on
rabbit external anal sphincter (EAS) in vitro contractions (n � 4). x-axis:
Normalized change in length (strain; Li is the initial length). y-axis: Tension in
mN/cm2. EFS parameters: current 80–90 mA, train length 2 s, pulse duration
1.5 ms, pulse frequency 0.3 Hz.

Fig. 3. A: effect of pancuronium bromide (PB) alone and in combination with
sodium nitroprusside (SNP) on the anal canal resting pressure is shown in the
tracings with a 9-mm anal probe. B: effect of probe size on EAS active, internal
anal sphincter (IAS) active, and anal canal passive tensions. *Statistically
significant increase (P � 0.05) in passive tension with increase in probe size
(6 and 9 mm compared with 3 mm, n � 4).

Fig. 4. Representative tracings with 4 different anal probe sizes. Tracings
show anal canal pressure with different probe sizes during electrical stimula-
tion with 5 mA before (A) and after (B) neuromuscular blockade with PB. Note
that, for a given electrical stimulus, increase in probe size resulted in an
increase in the anal canal pressure.
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not increase with the increase in the probe size (Fig. 3B). The
anal canal pressure in the presence of combined PB and SNP
was attributed to the passive tension of anal canal tissues,
including that of IAS and EAS muscles, connective tissue, and
perianal skin. With increasing probe size there was significant
increase in the passive anal canal tension, and differences were
significant with probe sizes of 6 and 9 mm (Fig. 3B).

Electrical stimulation of the EAS muscle resulted in the
intensity dependent increase in the anal canal pressure and
tension (Figs. 6 and 7). We tested 1- to 7-mA stimuli in our
pilot experiments and found that the maximum pressure was
achieved at the 5-mA current intensity (Fig. 6). For all elec-
trical stimulus intensities, anal canal pressure and tension
increased with the increase in the probe size (Fig. 7). Maximal
anal canal pressure-tension was observed with the 9-mm probe.
The difference between the anal canal pressure prior to and
during the EAS stimulation was attributed to active contraction
of EAS muscle and it was almost completely blocked by PB
(Fig. 4B). The latter suggests that the majority of EAS con-
traction was related to the activation of muscle through the
neuromuscular junction.

Effect of caffeine on anal canal pressure during stimulation
of EAS. For these experiments, the effect of IV caffeine on anal
canal tension during maximal EAS stimulation was deter-
mined. At each stimulus, there was small increase in the anal
canal pressure following caffeine, but this increase was not
statistically significant (anal canal tensions recorded for 5-mA
stimulus before and after caffeine infusion were 671 � 47 and
871 � 140 mN/cm2, respectively). The latter suggests that our
electrical stimulation technique resulted in near maximal stim-
ulation of the EAS muscle.

Sarcomere length measurement. In the absence of any probe
in the anal canal, mean sarcomere length of the EAS muscle
was 2.11 � 0.08 �m. The addition of probe in the anal canal
resulted in the probe size-dependent increase in the sarcomere
length (Fig. 8A). The mean sarcomere length with the 9-mm
probe was 2.99 � 0.07 �m. To determine whether there was
nonuniformity of sarcomere length around the EAS circumfer-
ence, measurements were made at the 3, 6, 9, and 12 o’clock
positions around the anal canal. There was no significant
difference in these measurements for any of the probe sizes
(Fig. 8B). To define the heterogeneity in sarcomere length from
the superficial to deep muscle layers, we also measured the
sarcomere length at various depths of the EAS muscle that was
stretched with a 9-mm probe and found no significant differ-
ence in the sarcomere length of these muscle fibers (sarcomere
lengths were 2.97 � 0.04 and 2.94 � 0.05 �m for fibers
obtained from the deep and the superficial muscle layers,
respectively).

Thin filament length analysis. Confocal images of EAS
frozen sections stained for actin (phalloidin) and 	-actinin
show the characteristic regular striations of cross-striated skel-
etal muscle (Fig. 9A). Phalloidin bands were uniform in width
and bisected by 	-actinin at the Z line. Clear gaps in the
phalloidin staining (H zones) were visible in sufficiently
stretched myofibrils indicating that thin filaments were pre-
cisely specified in length. The uniform and distinct appearance
of the phalloidin bands allowed us to quantify thin filament
lengths using distributed deconvolution analysis, a nonlinear
curve-fitting method that determines thin filament lengths with

Fig. 5. Effect of probe size, PB, and PB � SNP on anal canal resting pressure
(A) and tension (B). *Significant increase (P � 0.05) in resting pressure and
tension with increase in probe size (6 and 9 mm compared with 3 mm, n � 4).

Fig. 6. EAS electrical stimulus-response curve. EAS was subjected to electri-
cal stimulation (1–7 mA) and anal canal pressure was recorded with a 3-mm
probe as described in METHODS (n � 6). Note maximal response at 5 mA
stimulus.

Fig. 7. Anal canal total (A) and delta (B) tension recorded after stretching EAS
with probes of increasing diameter and increasing electrical current. At
maximal stimulus, tensions for 4.5-, 6-, and 9-mm probes were significantly
(P � 0.05) greater than with the 3-mm probe (n � 15).
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better than 50 nm accuracy (see METHODS). For each myofibril
region (Fig. 9B), the phalloidin intensities along the myofibril
(line scan) were measured (Fig. 9C, F) and observed to consist
of a single intensity profile that is blurred by the microscope
and repeated for each Z line. Three functions describing the
distribution of phalloidin binding within a single profile, the
spread of light in the microscope, and the distribution of Z lines
were combined to generate a “myofibril intensity profile” and
best fit to the myofibril line scan. The myofibril intensity
profiles (Fig. 9C, E) accurately reproduce the myofibril line
scans, resulting in residual values of �5%. The function used
to quantify phalloidin staining assumes that phalloidin bound
uniformly along the thin filament and includes a parameter
corresponding to the thin filament length (21). This analysis
(Fig. 9, B–D) confirmed the appearance of regular-width phal-
loidin bands and determined that the thin filament length is
1.22 � 0.05 �m (n � 34). This length indicates that the rabbit
EAS muscle should have an optimal sarcomere length of
2.44 � 0.10 �m (2
 thin filament length) and should have a
plateau region on its force-length curve at sarcomere lengths of
2.29–2.59 �m (optimal sarcomere length � a bare zone of 150
nm). The thin filament lengths predict that any sarcomere
length greater than 2.59 �m should be on the descending limb
of the length-tension curve.

DISCUSSION

Our data show the following: 1) In vitro study shows an
increase in the EFS-mediated EAS muscle contractions with an
increase in muscle length, which was not blocked by PB (Fig.
2). 2) In vivo study shows a) a probe size-dependent increase

in resting anal canal pressure that is related to the contribution
from the EAS muscle and passive anal canal resistance (Fig. 5)
and b) a probe size- and an electrical stimulus intensity-
dependent increase in the anal canal pressure that was abol-
ished by neuromuscular blockade, i.e., PB. 3) An increase in
the active muscle contraction of the EAS with an increase in
the probe size during electrical stimulation of EAS is several-
fold higher compared with the resting anal canal pressure (Fig.
7). 4) There is a probe-dependent increase in the EAS sarco-
mere length (Fig. 8). Our data suggest that the operational or
the in vivo sarcomere length of the EAS muscle is significantly
shorter than its Lo.

Krier et al. (17) studied the length-tension characteristics of
the cat EAS muscle strips in vitro, and their study revealed that
the EAS muscle is similar to other skeletal muscles in that it
shows a bell-shaped curve with ascending and descending
limbs. The major finding of their study was that at Lo the
passive tension generated by the EAS muscle accounted for
40% of the total tension. In our experiments, at Lo, passive

Fig. 9. A: confocal images of immunostained EAS frozen sections for actin,
	-actinin, and the 2 superimposed, i.e., composite image. B: rabbit EAS
muscle fiber stained with phalloidin reveals uniform thin filament lengths. The
boxed region (shown below at 
4 magnification) indicates the myofibril
region analyzed by distributed deconvolution. C: myofibril line scan shown
with observed intensity (F) and expected intensity (E) as explained in the text.
D: histogram of phalloidin length parameters determined by distributed de-
convolution analysis (gray bars). Line, expected number of observations based
on a normal distribution.

Fig. 8. The anal canal was harvested without and with probes of increasing
diameter (4.5, 6, 9 mm) and immersion fixed in phosphate-buffered formalin.
EAS muscle fibers were dissected, fixed on microscopic slides, and subjected
to laser diffraction. A: stretch-dependent increase in EAS sarcomere length
(n � 4–6 for each probe size). B: regional evaluation of sarcomere length at
12, 3, 6, and 9 o’clock positions around the circumference of the anal canal
(n � 4–6 for each probe size). *Statistically significant increase (P � 0.05).
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tension accounted for 21% of the total tension. The difference
between our study and Krier’s, who studied cats, could be
related to the species difference. The high passive tension of
the muscle is thought to be due to the excessive amount of
collagen in the EAS muscle. Krier et al. came to the conclusion
that the passive properties of the EAS muscle must play a
significant role in the anal closure mechanism. However, their
conclusion was based on the assumption that in vivo, and under
physiological conditions, the EAS muscle operates at Lo. How-
ever, under normal physiological conditions different skeletal
muscles in the body may operate at optimal, suboptimal, or
supraoptimal lengths (4). When operating at suboptimal length
(i.e., on the ascending limb of the force length curve), an
increase in the muscle length increases the force of contraction;
the myocardium is an example of such a muscle (15). Respi-
ratory diaphragm, on the other hand, operates at the Lo (9),
whereas the flexors and extensors of the arm operate at sub-
optimal and supraoptimal portions of the length-tension curve,
respectively (18, 19).

Our novel probe system allowed us to measure, for the first
time, in vivo length-tension properties of the IAS and the EAS
at rest, and of the EAS muscle during stimulation. Technique
somewhat similar to ours was used by Biancani et al. (3) to
study the length-tension characteristics of the lower esophageal
sphincter muscle in vivo. Increase in the sarcomere length with
the increase in the probe size suggests that the technique we
used was effective in increasing the in vivo muscle sarcomere
length. We employed PB and SNP to delineate the roles of
skeletal and smooth muscles, respectively, in the genesis of
anal canal pressure at rest. PB is a neuromuscular blocking
agent and previous studies in rabbits have demonstrated com-
plete skeletal muscle paralysis at the employed doses (10, 28).
Nitric oxide donors such as SNP have been shown to relax IAS
smooth muscle in the animal models (16). SNP can affect both
the smooth and skeletal muscle contraction; therefore we
always used PB first (to eliminate the skeletal muscle contri-
bution) and then used SNP to determine whether there was any
leftover smooth muscle contribution to the anal canal pressure.
Our data show that the anal canal pressure at rest is relatively
small in the rabbit, compared with the opossum (5) and humans
(7). With the increase in anal canal probe size there is an
increase in the anal canal pressure in the rabbit but majority of
this increase is related to the passive properties of the anal
canal tissue because PB and SNP do not inhibit it. At rest, with
the increase in the probe size there is small increase in the anal
canal tension generated by the EAS muscle. The EMG activity
of the EAS at rest shows small tonic activity (data not shown),
indicating a small neural input under basal conditions. In our
experiments, large increases in the anal canal pressure were
observed during electrical stimulation of the EAS, and with the
increase in the probe size the increase in anal canal pressure
and EAS muscle tension became larger. It is well known that
the tension generated by a muscle is proportional to the degree
of thin-thick filament overlap and the sarcomere length (12,
26). Sarcomere length measurements of the EAS muscle in our
experiment provide evidence of this phenomenon. The biggest
probe size we could use for our studies was 9 mm because
insertion of 12-mm probes was met with significant resistance
in our pilot experiments. With the 9-mm probe the active
tension generated by EAS muscle was higher than by the 6-mm
probe, suggesting that the EAS muscle length we achieved

with the maximal size probe was still on the ascending limb of
the length-tension curve. Therefore we did not achieve Lo of
the EAS muscle in vivo using our technique. On the other
hand, the EAS sarcomere length of 2.99 �m with the 9-mm
probe is greater than the optimal sarcomere length for EAS
muscle as measured by the thin filament analysis. The optimal
sarcomere length for most of the other rabbit skeletal muscle is
also �2.40 �m (4, 14). There are several possibilities for this
discrepancy; the first possibility is that our EAS muscle stim-
ulation technique did not induce maximal muscle contraction.
Maximal muscle activation is usually induced by nerve stim-
ulation. The reason to stimulate muscle rather than nerve was
related to the fact that we could not clearly identify the nerves
supplying to the EAS muscle in the rabbit. However, others
have successfully used direct muscle stimulation technique to
study the length-tension characteristics (13). Furthermore, ad-
ministration of caffeine did not increase the force of contrac-
tion of EAS muscle, which should have been the case if our
technique did not induce maximal muscle activation. There-
fore, we believe that our muscle activation technique was
adequate. The second possibility is that the sarcomere length of
rabbit EAS muscle, which has never been studied before, is
different from the other skeletal muscles. However, it is un-
likely because according to the thin filament length analysis the
optimal sarcomere length ranges from 2.44 to 2.54 �m. The
third possibility, not explored in our studies, is that some of
the tension generated at higher muscle lengths is related to the
stretch-sensitive release of intracellular calcium (30). Finally, it
is possible that the EAS muscle fibers in the nondistended state
are not oriented in the precisely circumferential direction and
with anal canal distension they reorient themselves in the
circumferential direction, thereby producing a relatively more
efficient circumferential squeeze.

Irrespective of the precise Lo for the EAS muscle; our data
are clear in that the operational length of the EAS muscle is
significantly shorter than its Lo. Furthermore, at the in vivo
operational length the passive force generated by the EAS
muscle is relatively small (as shown by our in vitro study). In
general, the reason for different muscles in the body to work at
different operational lengths is related to the functional needs
of the organ system. What is the advantage for the EAS muscle
to work at low operational length? The sphincters in general
have two functions: 1) they provide barriers for the movements
of contents from one cavity to the other by remaining tonically
contracted and 2) they open to allow movements of contents
from one cavity to another during relaxation. Therefore, by
operating at the low muscle lengths the sphincter muscle offers
minimal passive resistance to the anal canal opening. Our
length-tension curve shows that the passive tension in the EAS
muscle increases rapidly after Lo, which would result in a
significant resistance to the anal canal opening if the EAS
muscle were to operate at Lo. It is not known whether all the
sphincters in the body follow above principles. However, our
own observation with the puborectalis muscle, which also
provides a “sphincterlike” function to the anal canal, show that
indeed it also operates at a low sarcomere length (unpublished
data).

In conclusion, our novel probe system allowed us to deter-
mine the length-tension properties of the EAS in rabbit, and we
propose that a similar system may be used to study the
length-tension relation of the EAS muscle in humans. Our
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finding that the in vivo operational length of EAS muscle is
significantly smaller than its Lo has considerable clinical rele-
vance. Overlapping sphincteroplasty of the EAS muscle is a
commonly performed surgical procedure to treat fecal incon-
tinence (23). There is significant debate with regard to the
degree of muscle overlap required for an effective EAS repair.
The degree of muscle overlap is likely to be the major deter-
minant of in vivo operational sarcomere length. Future studies
should explore the ideal sarcomere length required to achieve
maximum gain in the EAS muscle function. Furthermore, it
may be possible to gain anal canal closure function by surgical
adjustments of the EAS sarcomere length in the fecal inconti-
nent patients with an anatomically intact but poorly contracting
EAS muscle due to partial pudendal nerve injury.
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