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Abstract
The tensor tympani is a middle ear muscle that contracts in two different situations: in response to
sound or during voluntary movements. To gain insight into the inputs and neural regulation of the
tensor tympani, we examined the ultrastructure of synaptic terminals on labeled tensor tympani
motoneurons (TTMNs) using transmission electron microscopy. Our sample of six TTMNs
received 79 synaptic terminals that formed 126 synpases. Two types of synapses are associated
with round vesicles and form asymmetric junctions (excitatory morphology). One of these types
has vesicles that are large and round (Lg Rnd) and the other has vesicles that are smaller and
round (Sm Rnd) and also contains at least one dense core vesicle. A third synapse type has
inhibitory morphology because it forms symmetric synapses with pleomorphic vesicles (Pleo).
These synaptic terminals can be associated with TTMN spines. Two other types of synapse are
found on TTMNs but they are uncommon. Synaptic terminals of all types form multiple synapses
but those from a single terminal are always the same type. Terminals with Lg Rnd vesicles formed
the most synpases per terminal (avg. 2.73). Together, the synaptic terminals with Lg Rnd and Sm
Rnd vesicles account for 62% of the terminals on TTMNs, and they likely represent the pathways
driving the contractions in response to sound or during voluntary movements. Having a high
proportion of excitatory inputs, the TTMN innervation is like that of stapedius motoneurons but
proportionately different from other types of motoneurons.
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INTRODUCTION
The tensor tympani and stapedius muscles are the two muscles that regulate sound
transmission through the middle ear. In non-human mammals, both the tensor tympani and
the stapedius contract in response to sound (Gelfand, 1984; Stach et al., 1984; Møller, 1984;
Horner, 1986; van den Berge et al., 1990; Relkin et al., 2005). This contraction protects the
inner ear from damage due to intense sounds and reduces the effects of noise masking. The
muscles also contract during vocalization, swallowing and chewing (Salomon and Starr,
1963; Borg et al., 1984; Stach et al., 1984; Howell et al., 1986), perhaps to avoid self-
stimulation that could lead to loss of sensitivity. The sound-evoked contraction and the other
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contractions make it likely that there are at least two pathways that excite the middle ear
muscle systems.

The pathways causing activation of the middle ear muscles converge on the motoneurons as
synaptic terminals. Stapedius motoneurons receive five types of synaptic terminals (Lee et
al., 2008), the overwhelming majority of which contain vesicles that are round and are likely
to provide excitatory input mediated by the neurotransmitter glutamate (Uchizono,
1965;Örnung et al., 1998; Torrealba and Carrasco, 2004; Rubio, 2004). Most of the
remaining synaptic terminals, less than 20%, contain vesicles that are pleomorphic and are
likely to provide inhibitory input. This synaptic profile is proportionately different from
spinal α-motoneurons, which receive input predominantly from flattened/pleomorphic
vesicle terminals (Conradi et al., 1979; Ichiyama et al., 2006). The synaptic profile onto
tensor tympani motoneurons (TTMNs) has not previously been investigated. To examine the
inputs and to gain insight into the neural control of the tensor tympani muscle, we
investigated the ultrastructure of TTMN synaptic terminals.

Our study provides morphometric information on the synaptic vesicles of the inputs to
TTMNs. For over a half-century, investigators of the auditory system have classified
synaptic terminals according to whether the vesicles are round versus oval/flat, using visual
inspection of terminals in the cochlear nucleus (Schwartz and Gulley, 1978; Cant and
Morest, 1979; Treeck and Pirsig, 1979; Cant 1993; Benson et al., 1996; Rubio, 2004) and
the superior olivary complex (Lenn and Reese, 1966; Schwartz, 1980). Similar approaches
have been performed on motoneurons (Conradi et al., 1979; Ichiyama et al., 2006; Lee et al.,
2008). In the cochlear nucleus, a further distinction can be made for round vesicles; those
that are large, which disappear after removal of the auditory-nerve input (Treeck and Pirsig,
1979), and those that are small, which remain. Other than measurement of vesicles in a few
terminals, little quantitative work has been done to establish what type of metrics can be
used to separate terminals on motoneurons. We investigate, for terminals on TTMNs,
whether quantitative rules can be established for separating synapses according to vesicle
size and shape. The results demonstrate that the several common types can be separated by
vesicle morphometry. Together with the two uncommon types of terminals, the results show
that there is a large diversity of synaptic input to TTMNs, the majority of which has
excitatory morphology.

MATERIALS AND METHODS
All experimental procedures on Sprague-Dawley rats were performed in accordance with the
National Institutes of Health guidelines for the care and use of laboratory animals as well as
approved animal care and use protocols at the Massachusetts Eye & Ear Infirmary. A total
of four rats were used. In two rats used for combined light and electron microscopy, the
methods were similar to our work on stapedius motoneurons (Lee et al., 2008), except that
injections of 30% horseradish peroxidase were made into the tensor tympani muscle. After a
survival time of 24 hr, the rats were reanesthetized and perfused with 0.1% sodium nitrite in
physiologic saline followed by 0.5% paraformaldehyde and 1% glutaraldehyde in 0.1 M
cacodylate buffer, which was then followed by 0.5% paraformaldehyde and 3%
glutaraldehyde in buffer. The total fixation time was 2 hr. The brainstem was blocked,
embedded in a gelatin-albumin mixture hardened with 2.3% glutaraldehyde, and sectioned
(80 μm thickness, transverse plane) using a Vibratome. The sections were soaked in a
solution of tetramethylbenzidine and ammonium heptamolybdate (Olucha et al., 1985) in 0.1
M phosphate buffer made hypertonic with dextrose. Hydrogen peroxide (0.3%, 1 mL/100
mL) was then added every five minutes for twenty minutes. The sections were moved to
fresh incubation solution and H2O2 again added to allow a more dense reaction product with
minimal crystal artifact. Selected sections with labeled TTMNs were treated overnight with
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hypertonic OsO4 (pH 5 at 3° C, Henry et al., 1985). The sections were stained en bloc with
filtered 1% uranyl acetate (overnight at 3° C), dehydrated with methanol through propylene
oxide, infiltrated with epoxy and flat-embedded between two transparent sheets of Aclar
(Pro Plastics, Wall, NJ). In two other rats used for light microscopy alone, Fluorogold was
used as the tracer and animals were perfused with 4% paraformaldehyde. These sections
were processed with an anti-Fluorogold antibody (Fluorochrome, Denver, CO; see Mukerji
et al., 2009).

For labeled neuron measurements, the somata were outlined using a camera lucida
attachment on a light microscope. The soma area, maximum diameter, and minimum
diameter were measured using ImageJ. The six labeled TTMNs selected for examination
under the electron microscope consisted of four neurons (N1, N2, N5, and N6) from the first
rat and two (N3 and N4) from the second rat. After documentation with the light
microscope, ultrathin serial sections of the same material were taken. The section thickness
was presumed to be 80 nm because of the silver-gold color of the sections (Sakai, 1980).
The sections were examined with the transmission electron microscope and a correlation
between the light- and electron-microscopic images was made.

To qualify as a synapse, three criteria were required: a cleft between pre- and postsynaptic
membrane, postsynaptic dense material, and presynaptic vesicles. The criterion of
postsynaptic dense material could be replaced by a cistern. We determined whether dense
core vesicles were present in any part of the terminal for serially sectioned material. For
terminals in which dense core vesicles were deemed not present, 4-18 sections were
examined. For synapses for which all sections were available, we determined the total
number of vesicles per synapse (counted within 0.5 μm of the presynaptic membrane
adjacent to the density in all sections containing the density). The percent coverage of the
cell bodies was made using one nucleus-containing section for each of the five somata. The
distinction between soma and proximal dendrite was made on the basis of tapering of the
soma into the dendrite and whether organelles are oriented circumferentially around the
nucleus in the soma vs. parallel to the axes of dendrites.

Morphometric data on synaptic vesicles were obtained from images of 21,000-25,000×
original magnification. Vesicles were traced along the outer edges of their membranes using
a digitizing tablet. ImageJ was used to compute vesicle area and circularity (4π[area/
perimeter2]) (Montero and Bribiesca, 2009). This definition of circularity is similar to that
used previously to distinguish round vs. nonround synaptic vesicles (Berrebi and Spirou,
1998) except that the measure we have used ranges from 0 to 1 (for a circle, circularity is 1.0
and for an ellipse with a major axis twice that of its minor axis, it is 0.84). Vesicles were
measured in up to six sections per synapse, and data for all available synapses were
combined for each terminal for Fig. 4. Due to the fact that vesicular data fell over a wide
range, it was necessary to analyze a large number of vesicles for each terminal (18-103
vesicles, all of which were within 250-800 nm from the presynaptic membrane adjacent to
the density). We excluded from the data set 10 terminals with fewer than 18 vesicles; these
terminals were usually small, partially documented terminals at the beginning or end of the
series of sections, or in one instance a terminal whose volume was taken up by a
mitochondrion leaving little space for vesicles. As described by Doucet et al. (2009), the k-
means clustering algorithm (implemented as the kmeans function in MATLAB) was used to
provide an objective method for dividing the morphometric data. Data were normalized on a
scale from 0 to 1 before the analysis was performed.

In order to determine whether terminals formed several synapses, each terminal was
assigned an identifier and followed through the serial sections. A terminal was considered
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partially sectioned if it continued beyond the sections available and completely sectioned if
its apposition with the TTMN tapered off to a small process within the available sections.

En face representations of terminal appositions with the TTMNs were made by tracing the
apposition in each section and staggering the drawing by the section thickness (80 nm).
Appositions were measured in sections containing the synaptic density. If a terminal gave
rise to multiple synapses, the one with the longest apposition was chosen for measurement.
Minute glial processes (less than 0.05 μm) that intervened for a portion of the apposition of
the largest terminals were ignored for the measurement.

The areas of individual synapses were determined using serial sections. If a terminal had
multiple synapses, the largest one was chosen for measurement. In each section, the length
of the synaptic cleft was measured using Image J. To calculate area, the lengths (μm) were
summed and multiplied by the section thickness (80 nm). Statistical tests, means, and
standard errors (SE) were computed using Kaleidagraph® software.

RESULTS
Labeled TTMNs and Their Features

After injections of tracer into the tensor tympani muscle, labeled TTMNs are found in the
brainstem on the side ipsilateral to the injected muscle. They are located in a region
ventrolateral to the trigeminal motor nucleus (Fig. 1A) in agreement with earlier studies in
rat (Spangler et al., 1982; Rouiller et al., 1986; Billig et al., 2007; Reuss et al., 2009) and in
other species (Shaw and Baker, 1983; Strutz et al., 1988; Mukerji et al., 2009). Using four
rats, we measured 92 labeled neurons. For our labeled neurons, the average major axis
diameter was 31.1 μm (SE 0.86) and the average minor axis diameter was 14.7 μm (SE
0.54); these dimensions are similar to earlier studies (Spangler et al., 1982; Rouiller et al.,
1986; Billig et al., 2007). The six TTMNs selected for examination in the electron
microscope (Table 1, Fig. 1A) had somata sizes that span the range observed in the general
population (Fig. 1A). Reaction product crystals from retrogradely transported horseradish
peroxidase are visible in labeled TTMNs in the light microscope (Fig. 1B, inset) and in the
electron microscope (Fig. 1B, C). Reaction product crystals extend from the soma into the
proximal dendrites and there is also diffuse cytoplasmic darkening.

Synaptic Terminals that are Common on TTMNs
Terminals abut the TTMN somata and proximal dendrites; we studied those that formed
synapses (shaded in colors on Figs. 1B, C, 2). There are few such terminals on the soma,
covering only a small proportion of the total membrane (avg. 12.4%, range 5-29%, Table 1).
Terminals on the proximal dendrites cover more of the membrane there (avg. 28.3%, range
22-33%, Table 1). Visual inspection of the synapses formed by the terminals suggests
division into three types. The first type of synapse contains large, round vesicles (Lg Rnd,
Fig. 2A). These synapses exhibit a distinct asymmetric postsynaptic density in the
motoneuron. The second type contains smaller, round vesicles (Sm Rnd, Fig. 2B) and are
also asymmetric. These terminals always contain, in addition to the clear synaptic vesicles,
one or more dense core vesicles (Fig. 2B, avg. diam. 78.4 nm for 11 synapses). Dense core
vesicles are usually observed near the plasma membrane in varying positions with respect to
the active zones; they are infrequent and appear only in about every third section. In the
third type of synapse, the vesicles have shapes that range from round to flat and will be
termed “pleomorphic” (Pleo, Fig. 2C); their synaptic specializations have minimal
postsynaptic densities (symmetric synapses).
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Measurements of synaptic vesicles confirmed these different appearances. Vesicles
measured from a single synapse (Fig. 3A, B) have a range of sizes and circularities (Fig.
3C), almost certainly because some vesicles appear in tangential section and because those
that are flattened can appear circular in some orientations. In order to compare different
terminals, we collapsed this variability by computing mean data (large dot in the center of
Fig. 3C). Plots of mean data from all terminals are shown in Fig. 4, in which each point
represents an individual terminal. There are three clusters of points that reflect our
impression of the three vesicle types (Fig. 2). Using the kmeans analysis (see Methods) and
an assumption of three clusters establishes the boundaries for the groups (color coding on
Fig. 4). Terminals containing Pleo vesicles have mean circularities less than 0.85. Terminals
containing Sm Rnd vesicles have higher mean circularities and mean areas less than 1,450
nm2. The remaining terminals contain Lg Rnd vesicles. The Sm Rnd and Lg Rnd terminals
have a significantly different mean vesicle area (t test, P < 0.0001). This separation is
enhanced by an additional metric, whether or not the terminal contains a dense core vesicle
(see key Fig. 4). All Sm Rnd terminals have dense core vesicles whereas most Lg Rnd
terminals do not. In summary, the morphometric data confirm our impression that there are
three common types of synapses on TTMNs.

Using serial sections, we often found that terminals gave rise to multiple synapses, and those
from the same terminal were of the same type. In our morphometric data set, 31 of the
terminals formed multiple synapses. Figure 4 used combined data from all synapses of a
given terminal, but when plotted separately (data not shown), the data points from individual
synapses of a single terminal always fell into just one of the three clusters. In two terminals,
though, the data from one of the synapses fell into a borderline area. One of these was a Lg
Rnd terminal: two of its synapses clearly fell into the Lg Rnd cluster (mean areas 1,601 and
1,646 nm2) and the third synapse (mean area 1,437 nm2) fell just beyond the border. No
dense core vesicles were observed. The second of these was a Sm Rnd terminal: one of its
synapses was in the middle of the Sm Rnd cluster (mean area 1,101 nm2) whereas its other
synapse (mean area 1,477 nm2) was just beyond the border. Dense core vesicles were
present in this terminal. Overall, though, the data suggest a terminal forms just a single type
of synapse.

Only terminals with Pleo vesicles engulf and form synapses on spines from TTMN somata
(Fig. 2C), or, in a single case, a TTMN dendrite. Eight of a total of 26 terminals with Pleo
vesicles have spine-associated synapses and at least one such synapse was found on each of
our six TTMNs. The spines are simple, unbranched tubes with diameters 0.4 μm or less and
lengths 0.75 μm or less. Spines contained flocculent material but no mitochondria; three
spines had a spine apparatus (Peters et al., 1991) in their proximal portion. We may have
undercounted synapses with Pleo vesicles because the limited membrane associated with an
engulfed spine made it hard to judge whether a cleft was formed and because there is
minimal postsynaptic density.

A few terminals with Lg Rnd vesicles were distinct from most others of the group. These
terminals were distinct because they were much bigger (Figs. 2, 5A) than the majority.
These big terminals, though, did not form synapses that were different from the remainder of
our sample of terminals with Lg Rnd vesicles. A few other terminals with Lg Rnd vesicles
have a high content of neurofilaments and sometimes these, like the one illustrated in Fig.
5B, are big in size.

Synaptic Terminals that are Less Common
Two uncommon groups of terminals were so distinctive that we separated them from the
common types. One of these has round vesicles of several sizes (Fig. 5C), so we call this
type heterogeneous and round (Het Rnd). Most of the vesicles are about as big as Lg Rnd
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vesicles and a few are much larger, reminiscent of such synapses on stapedius motoneurons
(Lee et al., 2008). The large vesicles are not coated vesicles although coated vesicles were
sometimes seen in all types of terminals. Our sample contains two synapses with Het Rnd
vesicles, both on proximal dendrites, one forming two synapses (Table 1). Second, there
were two terminals that had subsurface/subsynaptic cisterns in the postsynaptic membrane
(Fig. 5D) of the TTMN somata. These Cistern (Cist) terminals also appear on other
motoneurons (Conradi et al., 1979). At the bilaminar cistern, the pre- and postsynaptic
membranes expand to form a cleft that has a small discontinuity (narrowing) near its center.
These terminals also contain clear vesicles that are small (mean area 1,162 nm2) and round,
and each of them contains a dense core vesicle. The cistern illustrated (Fig. 5D) extended
over 15 serial sections and its length in one of the sections was 0.71 μm. It had an en face
area of 0.59 μm2, which is by far the biggest specialization area of our sample.

Rarely found in the vicinity of TTMNs are axons that contain many dense core vesicles that
are usually larger (≈ 115 nm diam., Fig. 5E) than the those described earlier. No synapses
with TTMN membranes are observed with these axons; however, in one instance one of
them contacted a TTMN.

Sometimes, the terminals that form synapses onto TTMNs also form synapses with
unidentified dendrites in the neuropil (not shown), however no terminals were seen to
receive synapses. None of the synapses were apposed by “Taxi” (postsynaptic dense) bodies
(Conradi et al., 1979; Yang et al., 1997; Ichiyama et al., 2006) in the TTMN. Neuropil
surrounding TTMNs (Figs. 1B, 2) includes many myelinated axons, some as large as 6 μm
in diameter, as well as small, unmyelinated axons, dendrites, and axon terminals. The
observed synapses, and the TTMNs themselves, are located in axodendritic neuropil among
the axons.

Numbers of Synapses per Terminal and Sizes of Synpases
The numbers of synapses formed per terminal depended on terminal type, with the most
synapses formed by terminals with Lg Rnd vesicles. An example of one of these terminals,
which formed four synapses in the 20 sections examined, is shown in Fig. 6A). This
terminal may have formed others because it extended beyond our sections (indicated by the
figure’s dashed line at the terminal’s right edge). Another terminal, forming two synapses
and containing Sm Rnd vesicles (Fig. 6B), also continued beyond our series. A third
terminal containing Pleo vesicles (Fig. 6C) formed only one synapse, known because its
apposition with the TTMN was completely sectioned (13 sections). In our material, a total of
36 terminals were sampled in more than 10 serial sections (Table 2). Although this is
enough to only partially section through most of the terminals (see Table legend for
exceptions), we used the available data to investigate whether there was a difference in the
numbers of synapses formed. Terminals containing Lg Rnd vesicles form the highest
number of synapses (avg. 2.73 synapses per terminal), with fewer formed by those
containing Sm Rnd vesicles (avg. 1.58 synapses/terminal) or Pleo vesicles (avg. 1.22
synapses/terminal). In terms of the number of synapses formed per terminal, the three
common terminal types are significantly different (Table 2 legend). Finally, two terminals
containing Het Rnd vesicles, each observed in 12 sections, formed either 1 or 2 synapses.

In our sample, terminals with Lg Rnd vesicles were also on average bigger than the other
types. Since entire terminals were not usually captured completely in our series, the sizes of
terminals was quantified by measuring the lengths of their apposition with the TTMN in a
section that contained the synapse (Fig. 6, dark lines show the sections used for apposition
measurements). The measurements (Fig. 7A) indicate that terminals with Lg Rnd vesicles
can have the longest apposition (up to 8.2 μm, Fig. 7A). These appositions averaged 2.26
μm (SE 0.36 μm), whereas those from Sm Rnd terminals averaged 1.14 μm (SE 0.07 μm)
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and those from Pleo terminals averaged 1.24 μm (SE 0.18 μm). There was a significant
difference between these appositions (analysis of variance (ANOVA) F=5.34, P < 0.007).
Since some of these terminals were long and narrow (e.g., Fig. 1C, lower terminal), some of
the lower data values may actually represent long terminals sectioned transverse to their
long axes. We investigated whether the appositions were different for terminals on the soma
vs. dendrites but there was no significant difference in our sample (Student t-Test, Lg Rnd P
= 0.26, Sm Rnd P = 0.68, Pleo P = 0.29).

The area of the synapse also depends on the synapse type (Figs. 6, 7B). The areas of
synapses having Lg Rnd vesicles are always less than 0.06 μm2, whereas synapses with Sm
Rnd and Pleo vesicles are usually larger. Synapses with Lg Rnd vesicles are present in at
most four sections, but those having Sm Rnd and Pleo vesicles are so large that they often
continue beyond the available sections, so data from many of these synapses could not be
plotted. Synapses are almost always oval-shaped without perforations.

Relative Frequency of Terminal Types
The numbers of the synaptic terminals observed on each TTMN are listed in Table 1 and the
overall percentages are plotted in Fig. 8A. For the sample of 79 synaptic terminals, the most
common type have Lg Rnd vesicles (27 terminals, or 34.2% of the total). Of the remaining
terminals, 22 (27.8%) have Sm Rnd vesicles and 26 (32.9%) have Pleo vesicles. All six
TTMNs received at least one synapse from each of the three common types. We tested for
differences in proportions of the three common types of synapse by comparing the
percentages of terminals on the six individual neurons. The overall percentages were not
significantly different from each other (Kruskal-Wallis, P = 0.73). Of the synaptic terminals,
38 are on somata and 41 are on proximal dendrites. For the common types of synapses, there
was no significant difference in the percentages of terminal types on the somata versus on
the dendrites (Kruskal-Wallis, P = 0.92).

We investigated whether the relative frequency of terminal types depended on the
morphology of the TTMN. Labeled TTMNs were classified in the light microscope
according to the criteria of Mukerji et al. (2009): “stellate” cells had three or more dendrites
that projected from the cell body in different directions; “octopus-like” cells had dendrites
projecting from one side of the cell body, and “fusiform” cells had narrow somata and
dendrites projecting from opposing poles of the cell body. For example, the neurons
illustrated in Fig. 1A were classified as fusiform (N3), octopus-like (N5), and stellate (N2,
N1). The neuron illustrated in Fig. 1B, which had four dendrites, was classified as a
“stellate” TTMN, and the neuron illustrated in Fig. 1C was classified as fusiform. Our
sample of six neurons for which we have ultrastructural data (Table 1) consisted of two each
of stellate (N1, N2), fusiform (N3, N4), and octopus-like (N5, N6). We considered the
percentages of the common types of synapses onto these groups. There was no significant
difference in percentage when the groups were compared (Kruskal-Wallis, P = 0.88) or
when individual comparisons were made between the six neurons (Kruskal-Wallis, P =
0.82). Although our data are limited because of the small sample size, they suggest no
difference in inputs to TTMNs of different shape.

DISCUSSION
Most Synapses on TTMNs have Excitatory Morphology

In this first report of the ultrastructure of synapses on TTMNs, we demonstrate the types of
synaptic terminals that provide inputs to these neurons. The common types form asymmetric
synapses associated with vesicles that are round (Lg Rnd, Sm Rnd, together 62% of the total
synapses) or form symmetric synapses associated with vesicles that are pleomorphic (Pleo,
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32.9% of the total). Additional types are present but uncommon, and distal dendrites have
yet to be examined. The TTMN synaptic profile (Fig. 8A) is very similar to that found on
stapedius motoneurons (Lee et al., 2008), except that stapedius motoneurons have even
fewer terminals with Pleo vesicles (17.3%). Data from other motoneurons, including
neurons in the nearby trigeminal motor nucleus, suggest a close correspondence between
synapse type and transmitter types. Terminals that have asymmetric synapses associated
with round vesicles are generally immunopositive for the excitatory neurotransmitter
glutamate, whereas those that form symmetric synapses associated with pleomorphic or flat
vesicles are generally immunopositive for the inhibitory transmitters gamma-amino butyric
acid (GABA) or glycine or both (Bae et al., 1999; 2002; Paik et al., 2009). Our data thus
suggest that a large majority of the synapses received by TTMNs are glutamatergic and
excitatory.

These synapse types share general similarities with those on spinal α-motoneurons (Fig.
8B), but the proportions are different. In particular Pleo vesicle synapses, which probably
correspond to those containing flattened vesicles (F) on spinal motoneuron, account for as
much as 70% of all synapses on spinal motoneurons (Conradi et al., 1979; Kellerth et al.,
1979; Ichiyama et al., 2006) and as much as 50% of the synapses on trigeminal motoneurons
(Bae al., 2002). Neither the tensor tympani nor the stapedius muscles have antagonistic
muscles, which perhaps explains the smaller numbers of synapses likely to be inhibitory on
their motoneurons: the usual inhibitory pathway from an antagonistic muscle’s neural
system is apparently not present. For some motoneurons, input terminals from muscle
spindle afferents receive presynaptic input (Bodian, 1975; Luo and Dessem, 1999). Middle
ear muscles lack muscle spindles (van den Berge and van der Wal, 1990), and we did not
find terminals that were presynaptic to other terminals. Clearly, the differences between
middle ear and other motoneuron systems suggest differences in the way that middle ear
muscles are controlled by the brain.

Separation of Synaptic Terminal Types
Our results using quantitative morphometry of synaptic vesicles indicate that terminal types
can generally be distinguished by using average measures for area and circularity. This use
reduces the wide ranges seen in vesicles from individual synapses, as observed here and
previously (Satzler et al., 2002). Most previous studies used qualitative methods to
distinguish terminal types (Lenn and Reese, 1966; Schwartz and Gulley, 1978; Cant and
Morest, 1979; Conradi et al., 1979; Treeck and Pirsig, 1979; Schwartz, 1980; Cant, 1993;
Benson et al., 1996; Rubio, 2004; Ichiyama et al., 2006; Lee et al., 2008). Our quantitative
separation is an improvement over qualitative assessment, which may be affected by factors
such as number of vesicles or packing density. The circularity measure has been used
previously (Berrebi and Spirou, 1998), and has largely supplanted earlier approaches of
“binning” individual vesicles by their individual shape. Such binning requires
premeasurement establishment of cutoff values separating round from flat vesicles
(Valdivia, 1971).

The k-means algorithm, with an assumption of three clusters, provided a separation of our
data. We assumed three clusters because of our visual impression of three types of synapses
and because our previous studies of stapedius motoneurons had found three common types.
A further separation of round vs. Pleo vesicles is the degree of asymmetry of the synapse,
but this characteristic was not necessary to achieve the separation boundary. A further
separation between terminals containing Sm Rnd vs. Lg Rnd vesicles is the presence of a
dense core vesicle, and this characteristic was important in providing separation here.
Similar findings hold for stapedius motoneuron terminals (Lee et al., 2008). Serial sections
are necessary to observe dense core vesicles since these vesicles are not contained in every
section and could be missed by “survey” methods. Similarly, serial sections were important
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in order to combine morphometric data from several synapses, because a few individual
synapses gave borderline values for mean vesicle area. The vesicles of the Lg Rnd and Sm
Rnd groups are statistically different in mean area, and the synaptic areas (Fig. 7B) and
number of synapses per terminal (Table 2) are also different. Whether these differences
result in a different form of excitatory neurotransmission is not clear. Different sizes of
round vesicles have also been reported at other synapses (e.g., Treeck and Pirsig, 1979;
Rubio et al., 2004; Matsuda et al., 2004). Finally, it would not be surprising if future studies
were to form further subdivisions of terminals containing Lg Rnd vesicles, since these
terminals are diverse in terms of their sizes, appositions, numbers of vesicles, and range of
neurofilament content.

Inputs to TTMNs
The two types of round-vesicle inputs to TTMNs likely represent two different excitatory
pathways, one mediating a reflexive contraction in response to sound and another mediating
contraction accompanying voluntary movements (Salomon and Starr, 1963; Borg et al.,
1984; Stach et al., 1984; Howell et al., 1986). For their sound-evoked reflex, TTMNs are
reported to receive direct input from the cochlear nucleus (Itoh et al., 1986; Rouiller et al.,
1986; Ito and Honjo, 1988; Billig et al., 2007). In order to determine which of the terminals
of the present study correspond to these inputs, it would be necessary to label them with one
tracer and label the TTMNs with a second tracer as was done previously by Itoh et al., 1986.
Then, the TTMNs from these double-injections experiments could be examined in the
electron microscope to determine which type of terminal was labeled. TTMNs also receive
bilateral input from the superior olivary complex (Rouiller et al., 1986; Billig et al., 2007;
Windsor et al., 2007), which, if excitatory, would contain round synaptic vesicles. In
contrast, the neural circuitry associated with movement-associated contractions of the tensor
tympani has not been worked out. TTMNs do receive inputs from the dorsolateral part of the
oral pontine reticular formation (Li et al., 1995; Reuss et al., 2009). Such inputs, presumably
excitatory, may cause the muscle to contract during vocalizations (Jürgens, 2009) and other
movements.

Motoneurons supplying the tensor tympani as well as the stapedius receive fibers and
endings that immunostain for a variety of neuromodulators including substance P (Reuss et
al., 2008, 2009). Within synaptic terminals, substance P immunostaining is localized to
dense core vesicles (Pickel et al., 1979; Merighi et al., 1991). The number of dense core
vesicles within a terminal has been used to distinguish terminal types in the spinal cord, and
a common type (S or simple terminals) contains small clear vesicles and only a few dense
core vesicles (de Lanerolle and Lamotte, 1983; Lamotte and Shapiro, 1991). This type has
similar morphology to the type we call Sm Rnd, and we suggest it corresponds to the
substance-P positive terminals. Dense core vesicles may also deliver synapse-associated
proteins such as piccolo and bassoon to the active zones (Ahmari et al., 2000; Zhair et al.,
2001; Sorra et al., 2006).

Motoneurons supplying the middle ear muscles also receive endings that immunolabel for
serotonin (Thompson et al., 1998). Ultrastructurally, serotonin-immunoreactive terminals
contain clear vesicles and substantial numbers of dense core vesicles (Mollgard and
Wiklund, 1979). They may correspond to the axons that we observed that contain many
large dense core vesicles (Holtman et al., 1990). In other neural systems, some
serotoninergic axon terminals form classical synapses (Maxwell et al., 2003), whereas others
apparently do not (Schaffar et al., 1984), rather releasing serotonin into the extracellular
space. The latter situation seems to apply to TTMNs, since they do not appear to receive
classical synapses from axons containing many large dense core vesicles. The number of
such endings close to each TTMN appears to be infrequent (Thompson et al., 1998), which
corresponds to our finding that these axons are uncommon. The function of this innervation
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is speculative, but it may modulate the middle ear muscle reflex to sound according to the
sleep/wake cycle (Stegel et al., 1991). TTMNs also receive some endings that stain for
tyrosine hydroxylase (Reuss et al., 2009). At the ultrastructural level, they are expected to
contain numerous dense core vesicles (Groves and Wilson, 1980; Peters et al., 1991) and
may also correspond to the axons that we observed that contain many large dense core
vesicles. Overall, the diversity of terminals on TTMNs allows for these motoneurons to be
controlled by a variety of inputs in addition to the major sound-evoked and volitional
excitatory pathways.
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Fig. 1.
Example labeled TTMNs and their synaptic terminals. A: Plot of the soma areas of 92
labeled TTMNs. Above the plot are drawings of four of the TTMNs studied extensively in
the electron microscope (Table 1). On the drawings, dashed lines indicate the outlines of the
somata used for measurements. Arrows indicate where their soma areas fall on the plot;
these areas span those seen in the general population. Scale bar: 25 μm. Brainstem outline at
lower right shows the positions of the labeled neurons (arrowhead) relative to the trigeminal
motor nucleus (Mo V). Scale bar: 1 mm. B: Low power electron micrograph of TTMN N2
(outlined in white) with numerous reaction product crystals in the cytoplasm. Inset at upper
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left is a light micrograph of the same motoneuron. Similarities of the neuron in the two
micrographs include distribution of black reaction product and the position of the nucleolus.
Three other dendrites (faintly illustrated in the inset) are seen extending in different
directions from this neuron. Synaptic terminals (colored) are seen on the soma (three
terminals) and on the proximal dendrite (seven terminals). Scale bar = 5 μm. C: Low power
electron micrograph of TTMN N4, showing reaction product crystals in the cytoplasm
(asterisks). One proximal dendrite, just beginning to emerge from the soma, is identified as a
dendrite because of the orientation of rough endoplasmic reticulum (ER) perpendicular to
the nuclear membrane. Synaptic terminals are colored. One terminal (orange) between the
TTMN and the scale bar is exceptionally large and consists in this section of two separate
segments – the segment at the right has orange outlines because it does not contact the
TTMN until deeper sections. Scale bar = 5 μm.
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Fig. 2.
Examples synaptic terminals on TTMNs that illustrate the synaptic vesicles. The vesicles
contained in the terminal in A are large and round (Lg Rnd), those in the terminal in B are
smaller and round (Sm Rnd), and those in the terminal in C are pleomorphic (Pleo). As
illustrated, our criteria for synapses requires a cleft between pre- and postsynaptic membrane
(arrowheads), postsynaptic dense material, and synaptic vesicles. The terminal in B has a
dense core vesicle (DCV). The terminal in C is associated with a TTMN spine (sp), curved
in this case, and seen in two parts as it invaginates the terminal. Scale bar = 0.5 μm.
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Fig. 3.
Vesicle measurements at a synapse on TTMN N2. A: Electron micrograph of the synapse
(arrowheads) showing the clear synaptic vesicles packed within the terminal. Scale bar = 0.5
μm. B: Same micrograph after vesicles were circled and numbered. C: Scatter plot of the
circularity vs. area for 47 individual clear vesicles in B. The large dot shows the mean area
and mean circularity. Mean data like these were used to compare synapses (see Fig. 4).
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Fig. 4.
Plots of mean vesicle circularity versus mean vesicle area for the three common types of
synapses on TTMNs. Each point represents measurements from all synapses of a single
terminal. Symbol size distinguishes terminals with or without dense core vesicles (DCVs,
see key), with open symbols representing terminals in which those vesicles were not seen
but for which four or fewer sections are available. Color coding indicates cluster as
identified by the kmeans algorithm. The centroids of the clusters were: Lg Rnd (1,615,
0.91), Sm Rnd (1,213, 0.90), and Pleo (1,199, 0.80). Het Rnd and Cist terminals (see Fig. 5)
were not plotted.
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Fig. 5.
Examples of less common types of terminals on and near TTMNs. A: Electron micrograph
of a terminal containing Lg Rnd vesicles that apposes the TTMN for over 6 μm, one of the
longest appositions in our study. A synapse is denoted by the arrowheads. Scale bar = 1 μm.
B: Terminal with Lg Rnd vesicles with a high neurofilament (NF) content. This terminal
appears as the exceptionally large terminal of Fig. 3 and the NF content is high throughout
the terminal. C: Terminal that has round vesicles of heterogeneous size (Het Rnd). Most
vesicles are comparable to Lg Rnd vesicles but a few are quite large (arrow). A synapse is
indicated with arrowheads. D: A Cist terminal with a bi-laminar cistern rather than a
postsynaptic density in the adjacent portion of the motoneuron. The terminal contains round
vesicles. E: Unmyelinated axon containing dense core vesicles (about eight in total, asterisk
points to three) that are larger than those in other terminals. This axon was not observed to
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contact a labeled TTMN (nearest TTMN was 1.9 μm away, out of the frame of this
micrograph). Scale bar = 0.5 μm for B-E.
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Fig. 6.
Three synaptic terminals in en face representations of their appositions with TTMNs. A: Lg
Rnd; B: Sm Rnd; C: Pleo. The apposition is drawn for individual sections (in gray lines plus
one dark line for the section used for apposition measurement) and each is staggered from
the next by the section thickness (80 nm). Darkly outlined areas indicate locations of
synapses (shown for single sections by arrowheads) and dashed areas indicate adherens
junctions (ad). A smooth contour is used between adjacent sections. The number of sections
available for the Lg Rnd terminal is 21, for the Sm Rnd terminal is 13, and for the Pleo
terminal is 13. Dashed lines for the right-most sections of the Lg Rnd and Sm Rnd terminals
indicate that the apposition appeared to extend beyond our series of sections. Scale bar: 0.5
um.
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Fig. 7.
Plots of TTMN terminal apposition length (A) and synapse area (B). Arrows indicate the
data points corresponding to the terminals in Fig. 6. Data in B are from all 19 synapses that
are completely sectioned. Here, solid symbols represent synapses where the first and last
parts were included in the series, whereas three open symbols denote where a section is
missing at one end of the synapse (and thus represent a least estimate of their areas because
the next section contains no synapse).
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Fig. 8.
A: Percentages of each type of synaptic terminal on all six TTMNs examined in the electron
microscope. Lg Rnd-Large Round; Sm Rnd-Small Round; Pleo-Pleomorphic; Het Rnd-
Heterogeneous Round; Cist-Cistern. Brackets indicate the synaptic types that are
asymmetric (having a prominent postsynaptic density) and those that are symmetric (having
minimal postsynaptic density). B: Schematic of synaptic terminal types found on TTMNs,
and comparison to types found on spinal α-motoneurons (after Conradi et al., 1979).
Apparent correspondences are indicated with similar colors. S: spherical-vesicle synaptic
terminals; M: large terminals containing spherical vesicles that receive input from other,
presynaptic (P) terminals, or which have a synaptic complex with six or more “Taxi” bodies;
F: flattened-vesicle synaptic terminals; C: cistern synaptic terminals.
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TABLE 1
TTMNs and their Synaptic Terminals

Soma/
Dend

#
secs

%
cov.

Terminals (Synapses)

Lg Rnd Sm Rnd Pleo Het Rnd Cist

Neuron

N1 Soma 24 10 4 (4) 3 (3) 4 (6)

Dend 22 7 (13) 2 (3) 7 (8) 1 (2)

N2 Soma 25 9 1 (3) 1 (1) 1 (1)

Dend 29 5 (11) 5 (7) 3 (3) 1 (1)

N3 Soma 51 5 4 (8) 2 (4) 3 (3) 1 (1)

N4 Soma 16 29 2 (8) 3 (3) 2 (2) 1 (1)

Dend 33 1 (5) 1 (3) 3 (3)

N5 Dend 22 29 1 (4) 3 (5) 1 (2)

N6 Soma 5 9 2 (3) 2 (3) 2 (2)

Total Avg. Totals

6 Soma 12.4% (SE 2.3%) 13 (26) 11 (14) 12 (14) 2 (2)

Dend 28.3% (SE 2.3%) 14 (33) 11 (18) 14 (16) 2 (3)

Combined 27 (59) 22 (32) 26 (30) 2 (3) 2 (2)

Terminal counts are different from synapse counts (in parentheses) because multiple synapses can arise from the same terminal (e.g., Lg Rnd in
Fig. 7). Data are separated for synapses on the soma vs. the proximal dendrite (Dend).
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TABLE 2
Number of Terminals Containing Multiple Synapses

Lg Rnd Sm Rnd Pleo Het Rnd Cist

Containing 1 synapse: 3 5 7 1 1

2 synapses: 5 7 2 1

3 synapses: 3

4 synapses: 1

5 synapses: 3

Total: 15 12 9 2 1

Avg.
 synapses/
 terminal:

2.73 1.58 1.22 1.5 1

SE: 0.39 0.16 0.16

Data are from terminals in which 10 or more serial sections were examined. The average synapses/terminal was significantly different in a
comparison of Lg Rnd, Sm Rnd, and Pleo types (Kruskal-Wallis, P=0.004). Although most terminals extended beyond our sections, two terminals
containing Lg Rnd vesicles were completely sectioned and one formed five synapses and the other formed one synapse. One terminal containing
Sm Rnd vesicles was completely sectioned and it formed two synapses. Three terminals containing Pleo vesicles were completely sectioned and
each formed one synapse.
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