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Abstract
Spines are unique cellular appendages that isolate synaptic input to neurons and play a role in
synaptic plasticity. Using the electron microscope, we studied spines and their associated synaptic
terminals on three groups of brainstem neurons: tensor tympani motoneurons, stapedius
motoneurons, and medial olivocochlear neurons, all of which exert reflexive control of processes
in the auditory periphery. These spines are generally simple in shape; they are infrequent and
found on the somata as well as the dendrites. Spines do not differ in volume among the three
groups of neurons. In all cases, the spines are associated with a synaptic terminal that engulfs the
spine rather than abuts its head. The positions of the synapses are variable, and some are found at
a distance from the spine, suggesting that the isolation of synaptic input is of diminished
importance for these spines. Each group of neurons receives three common types of synaptic
terminals. The type of terminal associated with spines of the motoneurons contains pleomorphic
vesicles, whereas the type associated with spines of olivocochlear neurons contains large round
vesicles. Thus, spine-associated terminals in the motoneurons appear to be associated with
inhibitory processes but in olivocochlear neurons they are associated with excitatory processes.
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1. Introduction
Several groups of neurons are associated with reflexive control of processes in the auditory
periphery (Liberman and Guinan, 1998). Tensor tympani (TTMN) and stapedius
motoneurons (SMN), by activating their respective middle-ear muscles, control the amount
of sound that is transmitted through the middle ear into the inner ear (cochlea). Medial
olivocochlear (MOC) neurons, which send information from the brainstem’s superior
olivary complex to the cochlea, act on hair cells in the cochlea to reduce the gain of the
“cochlear amplifier” and the activity of auditory nerve fibers (reviewed by Ryugo et al.,
2011). Actions of all of these neurons protect the inner ear from damage caused by intense
sounds and reduce the amount of masking of signals in continuous noisy backgrounds.
Additionally, contraction of the middle-ear muscles during vocalization, swallowing and
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chewing (Borg et al., 1984; Howell et al., 1986; Salomon and Starr, 1963) avoids self-
stimulation that could lead to loss of sensitivity. Motoneurons and olivocochlear neurons are
cholinergic, but each system has a different cranial nerve pathway for its efferent axon
(tensor tympani: V3; stapedius: VII; olivocochlear: VIII).

A shared property of these auditory brainstem neurons is that they are sparsely spined
(Benson and Brown, 2006; Benson et al., 2013; Lee et al., 2008; Mulders and Robertson,
2000a), but the spine documentation and comparisons of their associated synapses are
incomplete. There is extensive documentation of spines on the dendrites of pyramidal cells
of the cerebral cortex and neurons in the hippocampus (reviewed by Alvarez and Sabatini,
2007; Bourne and Harris, 2008). In these areas, spines range in complexity from being
simple tubular structures to more complex structures that have a prominent head. At the tip,
the spine usually receives a single synaptic terminal that forms an asymmetric synapse with
round synaptic vesicles. Thus, the number of spines is a reflection of the glutamatergic
(excitatory) input to the postsynaptic target.

In the present study, we examine the spines on auditory brainstem neurons. The results
indicate that the spines have similar volume amongst the groups and have mostly simple
shapes. Significantly, though, the spine-associated synapses are at various spatial positions
in relation to the spine, which is a situation that is different than in cortex and hippocampus.
We also provide information on the terminals associated with the spines. Using
morphometry of their synaptic vesicles, we document that these brainstem neurons receive
three common types of synaptic terminals. A difference between groups of neurons is in the
particular type of terminal associated with the spines. For the two groups of motoneurons,
the spine-associated terminals have inhibitory morphology, whereas for the MOC neurons
the terminals have excitatory morphology. The results suggest that spines on these brainstem
neurons are associated with particular functions that are different from those traditionally
associated with spines in other systems.

2. Results
2.1. General

In ultrastructural material, labeled TTMNs, SMNs, and MOC neurons were observed to
have spines that were associated with synaptic terminals. Examples of spines and terminals
for each group of neurons are shown in Fig. 1. Our definition of a spine is a process
emanating from a soma or a dendrite that had a length greater than, and a width less than,
0.2 μm. Spines contained flocculent material but no mitochondria. Only three spines, all
from TTMNs, had a spine apparatus (Peters et al., 1991), all in their proximal portion. Our
database for spines and their associated terminals is summarized in Table 1. The spines were
uncommon on the soma, with a calculation of the number of spines per soma yielding from
0–40 (Table 1).

The spines deeply invaginated their associated terminals. Outlines of terminals associated
with spines are shown in Fig. 2. In all cases, the spine is buried within the terminal. In most
cases, a single spine was present and associated with a single terminal. However, two spines
were associated with each of three separate terminals (TTMN terminal 1, MOC terminals 3
and 5), and three spines were associated with a single terminal (SMN terminal 3). Spine
morphology was usually simple and lacked an obvious head (SMN terminal 1 and MOC
terminal 4) although some spines swelled towards their ends (TTMN terminal 4). Their
lengths were 0.75 μm or less. One spine was bi-pronged (MOC terminal 5). This spine and
another that is nearby and simple are illustrated in three dimensions in a Movie of the
terminal than encompasses them (Fig. 3). The Movie shows the relationship of the two
spines, four synapses formed by the terminal, and a single adherens junction. Included in the
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database are 4 spines of unknown origin but which were associated with terminals that
synapsed on the target neurons (one TTMN and three MOC neuron spines including the one
marked with an asterisk on MOC terminal 1 of Fig. 2). These spines did not differ in
morphology from others in our sample.

Supplementary material related to this article can be found online at http://dx.doi.org/
10.1016/j.brainres.2013.04.020.

2.2. Spine volumes
The volumes of spines for the three groups of neurons had overlapping ranges (Fig. 4).
There was no significant difference between the average spine volumes (Fig. 4, Table 1) in
the three groups of neurons (ANOVA p=0.152). There was also no clear difference between
volume of dendritic and somatic spines (Fig. 4, see key). Most of the data are from proximal
dendrites, but a single spine on an MOC distal dendrite (diam. about 0.9 μm, stained for
acetylcholinesterase) had a volume of 0.021 μm3, on the small size but within the range of
volumes of the other somatic and proximal dendritic spines.

2.3. Spine synapses
Synapses were observed at variable positions on and near the spines (Fig. 2, Table 1). To
qualify as a synapse, three criteria were required: a cleft between pre- and postsynaptic
membrane, postsynaptic dense material, and presynaptic vesicles. About half of the spines
had synapses at the spine’s base (Fig. 1, MOC neuron; Fig. 2, TTMN 4). This is the case for
the reconstruction shown in the Movie (Fig. 3), where each of the two spines has synapses
that extend just into their bases. Two other synapses of that terminal were more remote from
the spines but within 1 μm of the spine’s base. This type of “remote” synapse (e.g., Fig. 2,
TTMN terminal 3, SMN terminal 4, and MOC terminal 1) was the only type found in about
a third of the spines (Table 1). A few synapses were along the spine’s shaft (Fig. 1, TTMN
and SMN; Fig. 2, TTMN terminal 1), and only one of these was near the spine’s tip (Fig. 2,
TTMN terminal 5). There were no obvious differences in positions of spines between
TTMNs, SMNs, or MOC neurons (Table 1). None of the spines had synapses directly at
their tips. Nor did any of the synapses studied here have a perforated density as has been
observed in other synapses associated with spines (Calverly and Jones, 1990). Finally,
adherens junctions are present in a minority of the terminals and when present their position
is usually near the base of the spine (Fig. 1, SMN; Fig. 2, terminals SMN 3 and MOC 3; Fig.
3).

2.4. Morphometry of synaptic vesicles
Morphometry of vesicles was previously used to separate synaptic terminals on TTMNs
(Benson et al., 2013), and here that type of analysis is extended to terminals on SMNs and
MOC neurons. The approach is shown for one TTMN terminal in Fig. 5. Individual vesicles
from a single terminal had a wide range of areas and circularities, and this range was
compressed by calculating mean data for all the vesicles and synapses of a particular
terminal (Fig. 5, plot). The mean data, where each point represents a single synaptic
terminal, are plotted in Fig. 6. The data fit our visual impression and previous reports
(Benson and Brown, 2006; Benson et al., 2013; Lee et al., 2008) that there are three types of
terminals with non-overlapping mean values. Using the k-means analysis (Fig. 6 legend,
Experimental Procedures) with an assumption of three types yields a separation plotted as
the three colors on Fig. 6. On all three groups of neurons, pleomorphic (Pleo) vesicles had
mean circularities less than 0.85, whereas the other types have higher mean circularity (more
round in shape). Small round (Sm Rnd) vesicles have mean areas generally less than 1,400
nm2, whereas large round (Lg Rnd) vesicles have mean areas that are greater. Although it is
not plotted, another characteristic that separates the two round-vesicle terminals from the
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Pleo-vesicle terminals is that the former have synapses with distinct postsynaptic densities
(asymmetric synapses) whereas the latter have synapses with less distinct densities so they
are more symmetric (Fig. 1). Two rare types of terminals on motoneurons, those with
vesicles of heterogenous sizes or with a postsynaptic cistern, were not part of this analysis
(Benson et al., 2013; Lee et al., 2008).

For each group of neurons, it is clear that spine-associated terminals (Fig. 6, filled symbols)
are of a particular type. For motoneurons, spine-associated terminals have Pleo vesicles,
whereas for MOC neurons, these terminals have Lg Rnd vesicles. In fact, all terminals with
Lg Rnd vesicles on MOC neurons were associated with spines except one (Fig. 6A, orange
open circle), and this terminal was comparatively small (approximately a sphere about 0.8
μm in diameter). Almost all of this terminal was examined in its apposition to the MOC
neuron (in 11 serial sections), so we are confident that it was not associated with a spine. For
the most part, the MOC terminals were sectioned through their entirety (21 of the 34
terminals plotted on Fig. 6C). On the motoneurons, though, due to shorter series of sections,
many of the terminals were not completely sectioned and there could have been spines in the
unsampled portions. Our best data here are from TTMNs, where five of the Pleo terminals
were examined in 12–20 sections and spines were not observed. The overall data indicate
that about 1/3 of the motoneuron Pleo terminals are associated with spines. Comparison of
those Pleo terminals associated with spines vs. those not associated did not reveal any
differences in size of terminal, mitochondrial content, or other features.

3. Discussion
3.1. Morphology of spines on brainstem neurons

In this report, we document the spines from three groups of auditory neurons that reside in
the brainstem, and we show that each is associated with a particular type of synaptic
terminal. Outside our laboratory, only one previous report (Mulders and Robertson, 2000a)
described spines on an MOC neuron that was labeled with Fluorogold and examined in the
light microscope. Those spines were not associated with peptidergic or adrenergic terminals.
The number of spines per neuron was not given in that study, but they suggest that spines
became more numerous on the distal dendrites, which were generally not available in our
study. Earlier-used tracers such as HRP probably did not fill spines of TTMNs (Billig et al.,
2007; Itoh et al., 1986; Keller et al., 1983; Lyon, 1975; Mizuno et al., 1982; Rouiller et al.,
1986; Shaw and Baker, 1983; Spangler et al., 1982; Strutz et al., 1988; Thompson et al.,
1998) or SMNs (Lyon, 1978; Rouiller et al., 1989; Shaw and Baker, 1983; Thompson et al.,
1998).

The spines on our three groups of brainstem neurons were not significantly different in
volume, nor do they differ in volume from spines on cortical neurons. The volumes of
brainstem neuron spines (avg. 0.065–0.140 μm3) are on the order of those previously
reported for visual cortex pyramidal cells by Freire (1978) and by Arellano et al. (2007),
which average 0.12 μm3 and 0.09 μm3, respectively, and for CA1 pyramidal cells by Harris
and Stevens (1989), which average 0.06 μm3. Spine apparatus have been found previously
in many spines with heads but only in a minority of spines lacking a head (Arellano et al.,
2007). In the present study, most of the spines lacked a head and only a few had a spine
apparatus. Spines are also present on other auditory brainstem neurons. For example, in the
cochlear nucleus, multipolar, octopus, and fusiform cells all have some form of spines
(Brawer et al., 1974; Kane, 1973; Kane, 1974; Smith and Rhode, 1985), as do several types
of neurons in the inferior colliculus (Oliver et al., 1991).
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3.2. Specific types of terminals are associated with spines
Morphometric data presented here suggest that TTMNs, SMNs, and MOC neurons each
receive three separate types of terminals. Previous studies of SMNs and MOC neurons have
separated the synaptic vesicles by visual inspection (Benson and Brown, 2006; Helfert et al.,
1988; Lee et al., 2008; Spangler et al., 1986; White, 1984). The new data show in a
quantitative way that TTMN and SMN spines are only associated with terminals containing
Pleo synaptic vesicles, which are the terminals that form symmetric synapses. This type of
synapse is likely to use one or both of the inhibitory neurotransmitters glycine or GABA
(Örnung et al., 1998;Rubio, 2004; Torrealba and Carrasco, 2004; Uchizono, 1965). The
number of spines does not reflect the number of inhibitory inputs because some Pleo vesicle
terminals lack associated spines. Perhaps spineless Pleo terminals result from fluidity in the
formation / retraction of spines (Alvarez and Sabatini, 2007). Elsewhere in the brain,
inhibitory terminals associated with spines are rare but are found in the visual cortex
(Colonnier, 1968), and, along with excitatory inputs, can be found on some spines in the
cortical barrel fields (Knott et al., 2002) and in the dentate fascia (Fifková et al., 1992). In
the case of the middle ear muscle reflex, the reflex is driven by excitatory input, which
means that the spine-associated inhibitory synapses perform a modulatory role rather than
drive the reflex.

In contrast, MOC neuron spines are associated with terminals containing Lg Rnd vesicles
that form asymmetric synapses. This type of synapse is likely to use the excitatory
neurotransmitter glutamate (Örnung et al., 1998; Rubio, 2004; Torrealba and Carrasco,
2004; Uchizono, 1965). Although in some neurons with excitatory spine inputs, the number
of spines reflects the number of excitatory inputs, that simple conclusion cannot be made for
MOC neurons. That is because these neurons receive another terminal type (with Sm Rnd
vesicles) that is also presumably excitatory but that is not associated with spines. Those
terminals are likely to originate in the cochlear nucleus, in multipolar cells that project to
MOC neurons and drive their excitatory response to sound (Thompson and Thompson,
1991a,1999b; de Venecia et al., 2005; Darrow et al. 2012). Thus, the terminals with Lg Rnd
vesicles are likely to modulate the reflexive response to sound, and they may originate in
descending inputs to MOC neurons from the inferior colliculus (Vetter et al., 1993) or
auditory cortex (Mulders and Robertson, 2000b).

One caveat with our findings is that in the case of the Pleo terminals on TTMNs and SMNs,
our ability to detect symmetric synapses onto spines is limited. The cleft of these synapses
may be less obvious because the small and round nature of the spines allows less
comparison between synaptic and adjacent non-synaptic membranes compared to an
uncurved portion the membrane. If in fact we missed synapses in these cases there may be a
closer association of synapses with spines than we report here. We have more confidence in
our ability to detect spine-associated synapses on MOC neurons because they are
asymmetric and thus more visible. Even here, though, they were also not usually found
along the spine (Figs. 2 and 3). Thus, for the brainstem neurons examined here, spines
appear less poised to carry out the compartmentalization of the various processes associated
with the action of the spine synapse elsewhere (reviewed by Chen and Sabatini, 2012).

3.3. Function of Spines on brainstem Neurons
Spines have been associated with synaptic plasticity (Bourne and Harris, 2008; Calverly and
Jones, 1990; Yuste and Bonhoeffer, 2001). For example, whisker stimulation increases the
number of spines and the density of spine-associated synapses in the cortical barrel
corresponding to the stimulated whisker but not to other barrels (Knott et al., 2002). Activity
of MOC neurons, as measured in humans with tests using otoacoustic emissions, increases
during daily training on a speech-in-noise discrimination task (de Boer and Thornton, 2008).
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Plastic changes in MOC responses have been shown after the animal is exposed to
moderate-level sound for two weeks in a paradigm called “sound conditioning” (Brown et
al., 1998). Compared to controls, the MOC neurons in conditioned guinea pigs have higher
firing rates in response to binaural noise. It is not clear what part of the MOC input pathway
is changed, but one idea is that MOC plasticity involves the terminals associated with
spines, which could up-regulate their excitation. These spine-associated terminals may
originate in higher centers (Benson and Brown, 2006). On motoneurons of the middle ear
muscles, the spines are associated with Pleo terminals, so if there is plasticity in
motoneurons, it is likely to be reflected by changes in inhibition. The distinct association of
spines and synapses reported here suggests one focus for future investigations of changes
associated with plasticity in these systems.

4. Experimental procedures
4.1. Animals

All experimental procedures on animals 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 and Ear Infirmary. The material for
this study was compiled from our previous studies of brainstem neurons (Benson and
Brown, 2006; Benson et al., 2013; Lee et al., 2008). TTMN and SMN material was from
adult Sprague–Dawley rats (a species that has a robust middle ear muscle reflex to sound
(Relkin et al., 2005) and have been the subject of previous retrograde labeling studies (Billig
et al., 2007; Reuss et al., 2008; Reuss et al., 2009; Rouiller et al., 1986; Rouiller et al., 1989;
Spangler et al., 1982). MOC material was from adult guinea pigs (which have a robust MOC
reflex to sound (Kujawa and Liberman, 2001) vs. a weak middle ear muscle reflex to sound
(Avan et al., 1992) and have been studied by retrograde labeling (Robertson, 1985; Strutz,
1981). The number of rats used for electron microscopy was 2 for TTMNs and 3 for SMNs,
and the number of guinea pigs was 4.

4.2. Labeling
The methods were described previously (Benson and Brown, 2006; Benson et al., 2013; Lee
et al., 2008). Injections of 30% horseradish peroxidase were made into the tensor tympani
muscle or stapedius muscle or cochlea (3 of the guinea pigs). After a survival time of 24 h,
the animals were re-anesthetized 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 h. 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 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). One uninjected guinea pig brainstem was stained for acetylcholinesterase instead of
retrograde labeling to examine MOC dendrites farther away from the cell body than the
reaction product typically extends. The acetylcholinesterase stain was modified from the
original version (Brown and Levine, 2008) as described by (Brown and Levine, 2008; Osen
et al., 1984), We studied this labeled dendrite from the ventral nucleus of the trapezoid body,
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where the distribution of stained neurons is near-identical to the distribution of retrogradely
labeled MOC neurons (Osen, 1969; Osen et al., 1984; Warr, 1975).

Labeled TTMNs were examined from the trigeminal motor nucleus and labeled SMNs were
examined from the ventro-medial perifacial area, both ipsilateral to the injected muscle.
Labeled MOC neurons were examined from the ventral nucleus of the trapezoid body
contralateral to the injection (where the majority of MOC neurons are located).

4.3. Electron microscopy
After examination in the light microscope, the material was ultrathin sectioned. 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. 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 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. The
distinction between synaptic terminal position (soma vs. 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.
Representations of spinous terminals (e.g., Fig. 2) were generated as follows: For terminals
with a single spine, the largest terminal cross-section including part of the spine was traced.
Serial sections were aligned and the entire spine (or as much as was available) reconstructed.
For terminals with multiple spines, the cross-section tracing was modified in the vicinity
where spines invaginated the terminal. Calculations of the total number of spines/soma were
based on the number of spines observed in our series (0–4 for three TTMNs, 3 each for two
SMNs, and 4–5 for two MOC neurons), the percentage of the soma examined (10–24% for
TTMNs, 10–12% for SMNs, and 24–26% for MOC neurons), measurement of the soma
diameter, and the assumption of an oblate spheroid for the soma shape.

4.4. Vesicle morphometry
Morphometric data on synaptic vesicles were obtained from images of 21,000–25,000x
original magnification. Vesicles were traced along the outer edges of their membranes using
a digitizing tablet (e.g., Fig. 5B). ImageJ was used to compute vesicle area and circularity
(4π(area/perimeter2)) (Montero and Bribiesca, 2009). As defined this way, circularity
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 6 sections per synapse, and
data for all available synapses were combined for each terminal for Fig. 6. 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. The k-
means clustering algorithm (implemented as the kmeans function in MATLAB) was used to
provide an objective method for dividing the morphometric data (Benson et al., 2013). Data
were normalized on a scale from 0 to 1 before the analysis was performed.

A reconstruction of one terminal and associated spines (Fig. 3) was made by outlining the
serial sections and associated structures (synapses, adherens junctions), which were digitized
and entered into Amira 3.1 (Mercury Compute Systems, San Diego, CA) as a size-calibrated

Brown et al. Page 7

Brain Res. Author manuscript; available in PMC 2014 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



image stack. Alignment of the outlines was with the autoalign feature of Amira. A polygonal
surface model was generated, simplified, and smoothed by other Amira subroutines.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Electron micrographs from a labeled tensor tympani motoneuron (TTMN), a labeled
stapedius motoneuron (SMN), and a labeled medial olivocochlear (MOC) neuron, all
uncolored and towards the top of the panels, with their associated spines (sp) and spine-
associated terminals (colored structures). In each case, a spine (sp) invaginates the terminal.
The illustrated sections are consecutive serial sections unless brackets are present, in which
case the numbers indicate how many sections are skipped. Arrowheads illustrate synapses;
ad denotes adherens junction. Our criteria for a synapse are illustrated: (1) a cleft between
pre- and postsynaptic membrane, postsynaptic dense material, and synaptic vesicles. The
spine-associated synapses received by TTMNs and SMNs have minimal postsynaptic dense
material, making them symmetric in appearance.
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Fig. 2.
Schematic representations of spine-associated terminals from the three groups of neurons. In
each case, gray shading at the top indicates the target neuron and its spine(s), and the white
outline below indicates the spine-associated terminal. Red arrowheads mark centers of
synapses. Hatch marks delineate adherens junctions (the one on SMN terminal 3 marked
“ad”). The adherens junction on MOC terminal 5 was not indicated for clarity - it is
“behind” the bi-pronged spine (see Fig. 3). One terminal (MOC terminal 1) had an
additional spine (asterisk) that originated from an unknown source. Three of the terminals
illustrated here also appear in Fig. 1 (TTMN terminal 5, SMN terminal 3, and MOC terminal
5). MOC terminal 4 was the only terminal from an AChE-stained case, and appeared on a
distal dendrite.

Brown et al. Page 13

Brain Res. Author manuscript; available in PMC 2014 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Still from a Movie of a reconstruction of two spines and adjacent part of an MOC neuron
(blue color). The associated synaptic terminal (translucent yellow) forms four synapses (red
color), two of which are at the bases of the spines and two of which are more remote. An
adherens junction is also formed (opaque yellow color). A two-dimensional image of this
terminal is pictured in Fig. 2 (MOC terminal 5). The reconstruction is composed of 26 serial
sections. Still image is modified from (Benson and Brown, 2006). A video clip is available
online. Supplementary material related to this article can be found online at http://dx.doi.org/
10.1016/j.brainres.2013.04.020
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Fig. 4.
Spine volumes for spines from TTMNs, SMNs, and MOC neurons. Large symbols represent
spines from somata and small symbols represent those for dendrites (see key). X’s indicate
average spine volume for each neuron group. Four arrows point to symbols denoting spines
of unknown origin that were included because they invaginated terminals synapsing on a
TTMN or an MOC neuron.
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Fig. 5.
Electron micrograph of a TTMN (upper left part of image) receiving a synapse (arrowheads)
from a terminal (lower part of image) that contains pleomorphic synaptic vesicles. This
terminal envelopes a spine (sp) seen here in two portions. Inset shows a portion of the
terminal with some of the synaptic vesicles circled and numbered for analysis. Plot shows
the circularity vs. area for individual vesicles of this terminal. The large dot indicates the
mean area and mean circularity for the vesicles of this terminal. Such mean data are plotted
in Fig. 6. This terminal is pictured in Fig. 2 (TTMN terminal 2).
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Fig. 6.
Morphometric data for synaptic vesicles in terminals on TTMNs (A), SMNs (B), and MOC
neurons (C). Each point represents mean data for all measured vesicles (see Fig. 5) and all
synapses from a single terminal. In each panel, three clusters, large and round (Lg Rnd,
orange), small and round (Sm Rnd, green), and pleomorphic (Pleo, red), are identified by the
kmeans algorithm (see Experimental Procedures) and the centroid of each cluster is shown
by a black cross. Spine-associated terminals (filled symbols) are exclusively in the cluster
with pleomorphic (Pleo) synaptic vesicles in A and B, but exclusively with the cluster with
large, round (Lg Rnd) synaptic vesicles in C. Arrows point to terminals that formed a
synapse onto a TTMN or onto MOC neurons but in which the spine was from a small
dendrite of unknown source. Not plotted were uncommon terminals (those with vesicles of
heterogenous sizes or with a postsynaptic cistern, found only on the motoneurons). Panel A
is modified from Benson et al. (2013).
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Table 1

Data on Spines.

TTMN SMN MOC neurons

No. spines studied 9 6 11

in complete series (10 in partial series)

No. spines/ soma 0–40 25–30 17–19

(calculateda) (n=3 somata) (n=2 somata) (n=2 somata)

Spine volume (avg., in μm3) 0.140 0.098 0.065

No. spine- associated terminals 8 4 8

Synapse Positionb

Base of spine 4 3 5

Remote from base 3 2 2

Shaft of spine 1 1 0

Tip of spine 1 0 0

a
See Experimental Procedures for details of calculation.

b
Synapse closest to spine was used. Spines of unknown origin not used.
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