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INTRODUCTION

Multiple synaptic boutons (MSBs) have been reported to be synapse with two or more
postsynaptic terminals in one presynaptic terminal. These MSBs are known to be increased
by various brain stimuli. In the motor cortex, increased number of MSB was observed in
both acrobat training (AC) model and traumatic brain injury (TBI) model. Interestingly
one is a physiological stimuli and the other is pathological insult. The purpose of this
study is to compare the connectivity of MSBs between AC model and TBI model in the
cerebral motor cortex, based on the hypothesis that the connectivity of MSBs might be
different according to the models. The motor cortex was dissected from perfused brain of
each experimental animal, the samples were prepared for routine transmission electron
microscopy. The 60~70 serial sections were mounted on the one-hole grid and MSB was
analyzed. The 3-dimensional analysis revealed that 94% of MSBs found in AC model
synapse two postsynaptic spines from same dendrite. But, 28% MSBs from TBI models
synapse two postsynaptic spines from different dendrite. This imply that the MSBs
observed in motor cortex of AC model and TBI model might have different circuits for the
processing the information.

Key Words: Multiple synaptic boutons (MSBs), Synaptic plasticity, Acrobat training (AC),
Traumatic brain injury (TBI)

MSBs during various conditions such as learning and mem-
ory (Federmeier et al., 2002; Lee et al., 2007) and brain injury

Multiple synaptic boutons (MSBs) are one of the synaptic
connecting formations that increase in multiple brain regions
of various animal models. These MSBs are capable of orga-
nizing more than two postsynaptic spines with a single pre-
synaptic bouton. Although few recent studies have analyzed
these structures under a light microscopic resolution, most of
the observations were examined using electron microscopy to
include spatial information (Medvedev et al., 2012; Telgkamp
et al., 2004; Wanaverbecq et al., 2008). Many studies reported
that morphological synaptic plasticity includes the change of

(Jones, 1999). Moreover, Toni et al. previously suggested
that morphological changes of MSBs are induced by long-
term potentiation, a form of neuronal plasticity involved in
learning and memory (Toni et al., 1999). These reports have
proposed that MSBs formation provides a critical clue in neu-
ronal plasticity, and morphological information can indicate
neuronal characteristics in various conditions. However, in-
creased number of MSBs and how they are involved in neural
connection are poorly understood. Recently, Kim et al. ana-
lyzed multiple-synapse boutons (MSB) in the cerebellum of
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both environmentally enriched (EE) and ataxic mutant mice
with 3 dimensional serial transmission electron microscopy,
which revealed that MSBs from EE mice contact two spines
originating from the same dendritic segments, but MSBs
from tottering mice contact two spines of different dendritic
origins (Kim et al., 2018).

The MSBs were found in motor cortices of acrobat trained
animal and brain injury models (Greenough et al., 1985;
Jones, 1999; Jones et al., 1996). We hypothesize that MSBs
formation mechanism would be different according to the
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underlying causes as Kim et al., reported (Kim et al., 2018).

MATERIALS AND METHODS

Acrobat Training Model

Adult male Sprague-Dawley rats, 8 weeks (250~300 g), were
used. They were random assigned into two groups under the
following conditions: acrobat training (AC, n=8) model, and
an inactive condition (IC, n=5). All experimental procedure
followed the guidelines for animal experiments edited by
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Fig. 1. Photograph of acrobat training task and mean time for AC model and error rate. (A) AC model traversing a rod, ladder, chain bridge, walls, double
rod, and grid floor during 4 trials per day, for 20 days. (B) Mean time for complete a trial was significantly decreased as AC model progressed (Pearson cor-
relation coefficient; r=—0.95; p<0.0001; left). Mean number of errors per trial were also decreased during 20 days training (Pearson correlation coefficient;
r=—0.5763, p=0.0039; right).
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Korea University Institutional Animal Care & Use Commit-
tee (KUIACUC-2011-222). Animal training conditions were
performed according to the procedure specified in the previ-
ous report (Lee et al., 2007). AC model were trained to run a
complex course consisting of rods, ladders, chains, barriers,
parallel bars, and grid platform 4 times a day for 20 days (Fig.
1A). The average time taken and the average number of errors
(missed steps) per trial were recorded during each AC task
(Fig. 1B). IC animals remained sedentary and received same
handling for the same number of day. The correlation analysis
was used to analyze the motor training performance.

Traumatic Brain Injury Model

A total number of 12 adult male C57BL/6 mice (6 weeks)
were house in the standard laboratory cage and bred in a
room temperature and humidity room with a 12:12 h light/
dark cycle. For cryogenic traumatic injury, adult mice were
deeply anesthetized with sodium pentobarbital (50 mg/kg)
and placed in a stereotaxic device (Stoelting, Wood Dale, IL),
and exposed the skull carefully. After than TBI was induced by
placing a steel probe (9 mmx4 mm) cooled in liquid nitrogen
on the motor cortical region for 1 minute (Fig. 2), after the
operation, cages with animals were placed on 37°C warmer
for recovering from anesthesia. Animals injured by TBI were
analyzed 5, 15 and 30 days after surgery.

Tissue Preparation for Serial Sectioning Electron
Microscopy

Each animal was sacrificed at end of experimental duration.
All experimental animals were anesthetized with sodium pen-
tobarbital (50 mg/kg) and perfused intracardially with normal
saline before TEM fixative (2% paraformaldehyde/2.5% glu-
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taraldehyde in 0.1 M phosphate buffer; pH 7.4). The pre-fixed
brain was removed and stored in the same fixative overnight
at4°C.

Motor cortices (M1) were dissected from pre-fixed brain.
From the olfactory bulb to 1.5 mm from bregma was cut in
the coronal direction, and a 300 pum thick section was ob-
tained using a vibratome. The brain section was trimmed
leaving only the primary motor cortex area with reference to
the brain atlas and then washed with the same buffer several
times. In TBI model, opposite motor cortex of the trauma in-
sult was used for analysis.

Tissues were post-fixed with 2% osmium tetroxide for 2 h and
en bloc stained with 0.2% uranyl acetate for 1 h. After stain-
ing, all tissues were dehydrated through an ascending ethanol
series and embedded with epoxy resin mixture. Polymerized
blocks were fine trimmed into the each brain region of the
blocks and 60 to 70 serial sections were cut to 70 nm thickness
using ultramicrotome. Serial sections were laid up on carbon
coated formvar grids and stained with uranyl acetate and lead
citrate. Electron micrographs (3,000 X~6,000 X) containing
synapses randomly selected in the region of interesting were
taken serially under TEM at the accelerating voltage of 80 kV
(Hitachi H-7650, Tokyo, Japan).

Stereological Analysis

For estimating the number of synapses include MSBs, we
adapted previously reported stereological method and syn-
apse number were measured per unit volume (Kim et al.,
2018). Serial thin sections were collected and took picture
under a TEM and the serial images were z-stack aligned us-
ing Reconstruct” software (http://synapses.clm.utexas.edu/
tools/index.stm). Three set of 20 serial sections were used for

» Probe size
(9 mmx4 mm)

Fig. 2. Photograph of traumatic brain
injury model. (A) The anesthetized mice
were fixed on stereotaxic to induce TBI,
and then placed in a liquid nitrogen-
cooled probe for 1 minute in the exposed
brain region. (B) The photograph of car-
diac perfused mouse brain at 5day after
TBI.
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estimating synapse number using physical disector method.
Counting frame size for synapse measure was 10 pmx7.5 pm,
and was randomly placed on the ‘reference’ section. Count-
able synapses were followed by the unbiased counting method
(Gundersen et al., 1988). Synapses were counted on the basis
of the existence of synaptic vesicle and a postsynaptic density.
Synapses were counted, if a synapse on the ‘reference’ section
was disappearing on the ‘look up’ section. Total number of
synapses were calculated (number of synapse per unit vol-
ume; Sv) using the following formula.

Sv=Total number of synapses/(counting frame areaxsection
thickness (70 nm)xnumber of sections)

Three Dimensional Tracing of MSBs

The MSBs in 60~70 serial thin sections per animals were
took imaged serially. MSBs were identified on the presence
of one presynaptic terminal such as synaptic vesicles and two
or more postsynaptic spines forming postsynaptic density.
30~40 images were taken serially when defined one of single
image in serial sections include identified MSBs, and most
clearly image of MSBs were center section of whole serial took
image. Alignment of the serial images was performed with
the Reconstruct” software. Two adjacent images were overlaid
in layers and bottom layer was compared and aligned with
the top layer (reference section). After alignment, each post
synaptic spine was traced with different colors serially when
traced spine reaching to dendrite. The same dendrite MSBs
(sdMSBs) spines join the same dendrite, and different den-
drite MSBs (ddMSBs) spines arise from different dendrite (Fig.
3). In each animal, the number of sdMSBs and ddMSBs was
presented as a percentage of total MSBs.

RESULTS

Acrobat Training Task

AC models were trained under acrobat task to identify MSBs
in the cerebral motor cortex. The consistent motor training
resulted in a significant decrease in the mean latency to com-
plete a trial and number of errors per trial as training pro-

Same dendrite multiple synaptic boutons
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gressed (Fig. 1B). These results indicate that AC groups suf-
ficiently improved their motor activity. For statistical analysis,
we used correlation analysis with days of training and time or
error for each subjects. Results revealed a significant effect of
day on the mean time/trial (Pearson correlation coefficient,
r=-0.95, p<0.0001) and on the mean number of errors/trial
(Pearson correlation coefficient, r=—0.5763, p=0.0039).

Motor Skill Learning Induced MSBs in Cerebral Motor
Cortex

Serial sectioning electron microscopy for stereological analysis
was used to identify the distribution of MSBs in cerebral mo-
tor cortex. We examined the pattern of MSBs on the layer V
synapse in cerebral motor cortex IC and AC. Among the total
number of synapses 67.3+1.76 in the IC, 60.73£1.57 were
SSBs and 6.6+0.4 were MSBs (count volume, 105 um’; Fig. 4A
and B). In AC animals, a significant increase in the number
of total synapse was observed compared to the IC animals
(Total, 71.740.773; SSBs, 61.875+0.7235; MSBs, 9.66+0.104;
count volume, 105 pmS; Student t-test, p=0.0016; Fig. 4A and
B). Mean number of SSBs and MSBs were measured per unit
volume (um?’). Per unit volume, IC group had 0.57+0.01 SSBs
and 0.0624+0.003 MSBs. In AC animals, 0.589+0.0006 SSBs
and 0.09£0.0009 MSBs were seen. Total number of MSBs
per unit volume was increased significantly in AC animals
relative to the IC group (Student t-test, p<0.0001; Fig. 4C).
In the IC condition, mean proportion was 90.2 + 0.48 % for
SSBs and 9.77%0.48 % for MSBs (Fig. 4D). Also, a difference
in the proportion of MSBs was observed in the IC and AC
conditions. Mean proportion of MSBs was 13.4310.14% and
86.56£0.14% for the SSBs in AC condition. The outcome was
in accordance with the previous reports that the motor learn-
ing increases the number of MSBs. This, perhaps, is an indica-
tion that motor skill learning induces change in the number
of synapses including MSBs in motor cortex.

Traumatic Brain Injury Induced MSBs in Cerebral Motor
Cortex

Then, stereological counting method with aligned serial imag-
es was used to analyze the distribution of MSBs in the cortical

Different dendrite multiple synaptic boutons
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Fig. 3. Illustration for two different mod-
els of multiple synaptic boutons depend
on connection. MSBs could be divided
into two models, one is spine pairs arose
from same dendrite (sdMSBs, left) might
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Fig. 4. Synapse distribution of cerebral motor cortex in AC model. Effects of IC and AC on the number of SSBs and MSBs. (A) Total number of synapses in-
clude SSBs with MSBs were significantly increased after AC in cerebral motor cortex layer V (p=0.0016; Student t-test). (B) However, effective changes num-
ber of synapses occur in MSBs (SSBs, p=0.4699; MSBs; p<0.0001; Student t-test). (C) Estimation for number of synapses per unit volume (1 um®) presented
same results comparison total number of synapses significantly (SSBs, p=0.4698; MSBs, p<0.0001; Student t-test). (D) Proportion of SSBs and MSBs were

showed similar result between IC and AC. Data are means+SEM.

injured mice model. For comparison with the motor train-
ing model, identical regions of the opposite site of injured
cerebral cortex were used. Total number of synapses was sig-
nificantly changed only at 15day after TBI (WT, 84.22+1.46;
TBI_5D, 89.22+1.11, p=0.0533; TBI_15D, 91+1.52, p=0.033;
TBI_30D, 86.44+0.48, p=0.2244; Student t-test; Fig. 5A).
The number of MSBs increased significantly in TBI mice
(WT, 8.55+0.293; TBI_5D, 11.2£0.22, p=0.0019; TBI_15D,
19.3+0.51, p<0.0001; TBI_30D, 13.56+0.29, p=0.0003; Stu-
dent t-test; Fig. 5B). Moreover, for both groups, the number of
MSBs per unit volume differed at a level of significance (WT,
0.0814+0.0028; TBI_5D, 0.1068+0.002, p<0.0001; TBI_15D,
0.184%0.008, p<0.0001; TBI_30D, 0.129+0.003, p=0.0003;
Student t-test; Fig. 5C). The TBI and WT also differed in the
relative proportion of SSBs and MSBs (Fig. 5D). This implies
that pathological condition of cerebral cortex induces an in-
crease in the proportion of MSBs in opposite part of injury.
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Comparison of the MSBs Spine Pairs of Different
Origin in Physiological - and Pathological Condition in
Cerebral Motor Cortex

Knowing that the MSBs has two or more postsynaptic spines
from post neuronal dendrite, the analysis of the spine pairs
originating from two different conditions in cerebral cor-
tex was done using three dimensional tracing. 87+7.12%
of MSBs observed in IC group, two spines on MSBs arose
from the same dendrite in comparison with the AC model.
The AC model showed a higher frequency of sdMSBs than
ddMSBs (sdMSBs, 94+8.42%; ddMSBs, 6+1.33%; Student t-
test, p=0.0017; Fig. 6). On the other hand, ddMSBs was the
major component of MSBs in the TBI_15D. While the mean
proportion of ddMSBs was 11+2.64% in WT mice, ddMSBs
was 28+4.23% for TBI_15D mice (Student t-test, p=0.0135;
Fig. 6). These suggest that origination of spine pair in MSBs
differs depending on the different neuronal connection in the
physiological and pathological status in cerebral motor cortex
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Fig. 5. Synapse distribution of cerebral motor cortex in traumatic brain injury model. Synapse distribution of WT and TBI mice in cerebral motor cor-
tex layer V. (A) Total number of synapses includes SSBs and MSBs were changed just in after TBI 15 day model (TBI_5D, p=0.0533; TBI_15D, p=0.0330;
TBI_30D, p=0.2244; Student t-test). (B) However, estimated number of MSBs were significantly increased in all TBI models (TBI_5D, p=0.0019; TBI_15D,
p<0.0001; TBI_30D, p=0.0003; Student t-test). (C) Also, number of MSBs in per unit volume (1 um®) was significantly different in WT mice and TBI models
(TBL_5D, p=0.0019; TBI_15D, p<0.0001; TBI_30D, p=0.0003; Student t-test). (D) Proportion of SSBs and MSBs were showed similar result between WT mice
and TBI model analyzed per unit volume. Data are means + SEM.

region. ther, the morphological change of synapse is indicated brain
conditions. For example, the motor skill learning is regulated
DISCUSSION with changes in neuron morphology and synaptic strength
(Greenough et al., 1985; Kleim et al., 1998; Kleim et al., 2002).
In this study we used animal models of cerebral motor cortex Consistent with previous findings in motor learning model or
divided to characterization of MSBs connectivity related on motor cortical lesion model resulted in an increase in motor
neural plasticity during physiological and pathological condi- cortical synapses relative to normal animal (Jones, 1999; Jones
tions. The major finding of this study was that in each animal etal., 1999; Kleim et al., 2002). These researches has suggested
model, the MSB is increased in the V layer of the motor cor- that this structural plasticity is related to functional status of
tex, but the postsynaptic connectivity of MSB is different. motor cortex that occur synaptogenesis.
Adaptation of motor learning and external injury brought Also, increased MSBs were traced spine pair for analyze how
about through differential motor cortical changed by adapta- different connectivity depend on brain condition in motor
tions in the structure and function of the motor system. Fur- cortex layer V. In physiological condition, dramatic increased
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Fig. 6. Spine pairs origin of cerebral motor cortex in AC model and TBI
model. The results of three dimensional tracing of MSBs for spine pair
origin confirmation both two groups using Reconstruct® software. Pro-
portion of sdMSBs was significantly increased in AC model (sdMSBs,
p=0.0017; Student t-test). However, ddMSBs were major connection type
of MSBs in TBI after 15 day model (ddMSBs, p=0.0135; Student t-test).

number of total synapses in layer V, interestingly these in-
creased portions were almost MSBs. These results have in-
dicated that motor skill learning enhanced synaptogenesis
process for only MSBs. In cerebellar cortex, increased number
of synapse includes SSBs with MSBs (Kim et al., 2018). These
new finding suggest that morphological changes of synapses
may be depend on brain region. In addition, we calculated
that the number of synapse change in the motor cortex layer
V after TBI the time course in comparison with WT animal.
We found that the significantly increased number of total
synapses at 15 day after TBI. In contrast, MSBs were highly
increased all of TBI models significantly and highest number
of MSBs appeared at 15 day after TBI. Jones reported that
MSBs highly existed at 30 day after lesion (Jones, 1999), which
different time point came from different method for motor
cortical lesion. These result suggesting that the contralateral
motor cortex after ipsilateral lesion of the motor cortex en-
hanced new generating MSBs in layer V without SSBs.

However, we focused not only on the numerical changes of
MSBs, but also how to connect multiple spines via MSBs in
brain regions. Recently, Seung, H.S., proposed that analyzing
the whole brain neural connection called ‘connectomics’ is
crucial for understanding the brain function (Seung, 2011).
Brain functions include motor learning and memory, or other

Kim HW et al.

related neuronal disorder is causes by neuronal electric signal
and/or synaptic connectivity (Fujii et al., 2008). In the hip-
pocampus, synaptic plasticity involved memorial function via
neural network during active dependent function (Neves et
al., 2008). These new approach may serve as an explanation to
how involve to functional status by morphological change of
MSBs.

We identified multiple spine origins using a serial sectioning
electron microscopic approach for image tracing that pro-
vide morphological clues for synaptic plasticity and neural
network. Interestingly, both animal condition was showing
different synaptic connectivity via MSBs in target regions. AC
model for physiological condition which increased the num-
ber of sdMSBs compared to the pathological model. These
results proposed that morphological plasticity by physiologi-
cal stimuli during motor skill learning may maintenance syn-
aptic connection for existing information. In addition, these
structural changes are correlation with post synaptic density
size, MSBs proximity and potential compensatory weakening
of synapses immediately adjacent to MSBs (Lee et al., 2013).
However, TBI for pathological models showed a significant
increase in the number of ddMSBs of synaptic connection in
cerebral motor cortex comparison with the WT mice. Reor-
ganization of neural network, which is one of the functional
repair mechanism in the central nervous system, is required
for abnormal brain condition (Dunnett, 1995).

CONCLUSION

The MSBs observed in both acrobat physiological animal
model and TBI induced pathological model based were ana-
lyzed with 3-dimensional transmission electron microscopy.
Major portion of connection in physiological model was MSB
synapsed spines from the same dendrite, but portion of the
different dendrite connection MSB was increased in patho-
logical models. These implies that the MSBs observed in mo-
tor cortex of AC model and TBI model might have different
circuits for the processing the information.
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