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Abstract

Many lines of evidence indicate that postsynaptic dendritic spines are plastic during development
and largely stable in adulthood. It remains unclear to what degree presynaptic axonal terminals
undergo changes in the developing and mature cortex. In this study, we examined the formation
and elimination of fluorescently-labeled axonal boutons in the living mouse barrel cortex with
transcranial two-photon microscopy. We found that the turnover of axonal boutons was
significantly higher in 3-week-old young mice than in adult mice (older than 3 months). There was
a slight but significant net loss of axonal boutons in mice from 1 to 2 months of age. In both young
and adult barrel cortex, axonal boutons existed for at least one week were less likely to be
eliminated than those recently-formed boutons. In adulthood, ~80% of axonal boutons persisted
over 12 months and enriched sensory experience caused a slight but not significant increase in the
turnover of axonal boutons over 2—4 weeks. Thus, similar to postsynaptic dendritic spines,
presynaptic axonal boutons show remarkable stability after development ends. This long-term
stability of synaptic connections is likely important for reliable sensory processing in the mature
somatosensory cortex.
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INTRODUCTION

Changes of synaptic connections are essential for the development and function of the
nervous system (Bailey and Kandel, 1993; Bhatt et al., 2009; Buonomano and Merzenich,
1998; Cline and Haas, 2008; De Roo et al., 2008; Fox, 2002; Hua and Smith, 2004; Katz and
Shatz, 1996; Malenka and Nicoll, 1999). In vivo imaging studies in the mouse cortex have
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revealed that dendritic spines, the postsynaptic elements of most excitatory synapses, are
highly plastic during development and largely maintained in adulthood (Grutzendler et al.,
2002; Holtmaat et al., 2005; Yang et al., 2009; Zuo et al., 2005a). Multiple lines of evidence
indicate that sensory and learning experience play an important role in regulating dendritic
spine remodeling throughout life (Holtmaat et al., 2006; Kleim et al., 1998; Knott et al.,
2002; Lai et al., 2012; Yang et al., 2009; Zuo et al., 2005b). For example, whisker
stimulation over 24 hours causes a transient increase in the number of dendritic spines in
Layer 4 of the mouse barrel cortex (Knott et al., 2002). Sensory enrichment over days
increases dendritic spine formation and elimination of Layer 5 pyramidal neurons in the
barrel cortex (Yang et al., 2009). Recent studies have shown that motor learning induces the
formation of new dendritic spines over hours in the motor cortex. The degree of persistent
new spines strongly correlates with performance improvement over days (Liston et al.,
2013; Yang et al., 2014; Yang et al., 2009). Together, these studies suggest important
functions of dendritic spine formation and maintenance in information encoding and storage.

Compared to postsynaptic dendritic spines, much less is known about the development and
plasticity of presynaptic axonal terminals in vivo. Early imaging studies have revealed
different degrees of presynaptic terminal dynamics over days to months at neuromuscular
junctions and in autonomic ganglia (Gan et al., 2003; Lichtman et al., 1987; Purves et al.,
1987). Rapid dynamics of axonal terminals has been observed during the development of the
mouse neuromuscular junctions (Gan and Lichtman, 1998; Walsh and Lichtman, 2003), the
optical tectum of Xenopus and zebrafish (Hu et al., 2005; Hua et al., 2005; Ruthazer et al.,
2003), and the mouse cortex (Portera-Cailliau et al., 2005). In adult sensory cortices, in vivo
two-photon imaging studies have shown high turnover rates of presynaptic axonal boutons
over weeks in both monkeys and mice. In the primary visual cortex of adult Macaques, ~7%
of axonal boutons were found to be eliminated and formed within one week (Stettler et al.,
2006). High turnover rates of axonal boutons were also observed in the adult mouse barrel
cortex. Depending on cell types, 15-60% of axonal boutons were eliminated and formed
within one month (De Paola et al., 2006). While these findings suggest that axonal boutons
are highly plastic even in the adult cortex, one study shows that axonal terminals in the
somatosensory and auditory cortices of 40 day-old mice are largely stable, with a turnover
rate of <10% over 3 weeks (Majewska et al., 2006). The reason for different turnover rates
of axonal boutons in different mouse cortices is unclear. Moreover, it remains unclear
whether the majority of axonal boutons can persist throughout adulthood, similar to
postsynaptic dendritic spines (Grutzendler et al., 2002; Yang et al., 2009; Zuo et al., 2005a).

To better understand the plasticity of presynaptic axonal boutons, we repeatedly imaged
axonal boutons over days to months in the developing and mature barrel cortex using
transcranial two-photon microscopy and transgenic mice expressing yellow fluorescent
proteins (YFP) in a subset of Layer 5 pyramidal neurons (YFP-H line). Our results indicate
that turnover rates of axonal boutons are lower than those of dendritic spines in young and
adult barrel cortex. After development ends, the majority of axonal boutons are stably
maintained in adulthood. Furthermore, enriched sensory experience has no significant
effects on the turnover rates of axonal boutons over weeks. These findings underscore the
remarkable stability of presynaptic terminals in the mature somatosensory cortex.

Dev Neurobiol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiao et al. Page 3

MATERIALS AND METHODS

Experimental Animals

Transgenic mice expressing YFP in Layer 5 pyramidal neurons (Thyl-YFP H line) were
purchased from the Jackson Laboratories. Wild type ICR mice were purchased from
Taconic, New York. All experiments were performed in accordance with the institutional
guidelines.

Sensory Enrichment

Sensory enrichment was conducted by placing mice in standard mouse cages containing
strings of beads whose positions were changed daily. Mice could move freely in these cages
and had to navigate through the strings of beads to obtain food and water. The enriched
environment used in this study was the same as described previously (Yang et al., 2009).
Such enriched environment has been shown to increase the remodeling of dendritic spines of
Layer 5 pyramidal neuron over days in the barrel cortex (Yang et al., 2009).

In Utero Electroporation to Label Layer 2/3 Pyramidal Neurons

Plasmids containing EYFP under the CAG promoter were transfected into Layer 2/3
pyramidal neurons by intraventricular injection of mouse embryos in utero followed by
electroporation as previously described (Tsai et al., 2005). In brief, pregnant ICR mice
(Taconic, NY) were used, and 1-2 ul of cDNAs (1-5 pg/ul) were injected into the ventricle
of embryonic brains at E14-15. A pair of copper alloy oval plates attached to the
electroporation generator ECM830 (Harvard Apparatus, MA) transmitted 5 square electric
pulses at 50 V for 50 ms at 1-s intervals through the uterine wall. All experiments were done
in accordance with protocols approved by the institutional animal committee.

Transcranial Two-Photon Imaging of Axonal Boutons And Dendritic Spines

The procedures of transcranial two-photon imaging were performed in anesthetized mice as
previously described (Grutzendler et al., 2002; Yang et al., 2010). Briefly, for repeated
imaging of axonal boutons in Layer 1, YFP-H transgenic mice were anesthetized with an
intraperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine (15 mg/kg). The
mouse head was shaved and the skull surface was exposed with a midline scalp incision.
The region (0.2 mm in diameter) to be imaged was identified over the barrel cortex based on
stereotaxic coordinates (1.1 mm posterior to the bregma and 3.4 mm lateral from the
midline). After removing the periosteum tissue, a custom-made steel plate was glued onto
the skull to immaobilize the head. A high-speed micro-drill was used to remove the external
layer of the compact bone and most spongy bone to create a cranial window for imaging. A
microsurgical blade was used to continue the thinning process until the skull was 15-20 pm
in thickness. A high quality picture of the brain vasculature was taken with a CCD camera
mounted on the dissection microscope and used as a landmark for future relocation. For two-
photon imaging, the steel plate on the animal’s head was screwed to two metal bars that
were located on both sides of the animal’s head and fixed to a solid metal base and the entire
animal was placed under a custom-made two-photon microscope. Image stacks of neuronal
processes within a depth of 100 um from the pial surface were obtained with two-photon
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laser tuned to 920 nm and a 1.1 NA 60 X water-immersion objective, yielding a full three-
dimensional data set of axons in the area of interest. After imaging, the plate was gently
detached from the skull and the scalp was sutured with 6-0 silk. The animals were returned
to their home cages until the next viewing.

Dendritic spines of Layer 2/3 pyramidal neurons in the barrel cortex were imaged through a
thinned skull window with two-photon microscopy using the procedure described above.
Image stacks of dendritic branches within a depth of 100 pm from the pial surface were
obtained. Different from repeated imaging of axonal boutons, dendritic spines of Layer 2/3
pyramidal neurons were imaged once in either 1 month- or 6 month-old mice.

Quantification of Axonal Bouton Turnover

We identified en passant boutons (EPBs) on axonal branches in Layer 1 of barrel cortex
according to criteria described in previous studies (De Paola et al., 2006; Grillo et al., 2013;
Majewska et al., 2006). Only regions exhibiting high signal-to-noise ratio in all imaging
sessions were considered for data analysis. EPBs appeared as swellings along the axonal
shaft and were at least two times brighter than nearby shaft in at least one imaging session.
To score bouton elimination, the brightness of boutons had to drop below 1.3 times of the
neighbor axon shaft brightness. Previous studies have suggested that up to 10% of axonal
varicosities may not form synaptic contact with postsynaptic dendritic spines in
hippocampal pyramidal neurons (Becker et al., 2008; Shepherd and Harris, 1998). Using
serial section electron microscopy, a recent study has reconstructed nine boutons that were
imaged previously in Layer 1 of the barrel cortex (Grillo et al., 2013). All reconstructed
boutons made synaptic contacts with postsynaptic structure; the smallest of these boutons
had a relative intensity 1.92 times the intensity of the axonal backbone. Because axonal
boutons identified in our study were > 2 times brighter than the axonal backbone, the vast
majority of these axonal boutons likely formed synapses. It is possible that few small EPBs
may be non-synaptic swellings in the axon and may not bear synapses. Nevertheless, the
inclusion of such EPBs would likely underestimate the stability of presynaptic axonal
boutons.

The formation and elimination rates of axonal boutons are defined as the number of boutons
formed and eliminated divided by the total number of axonal boutons at the first image
session.

Quantification of Dendritic Spine Density of Layer 2/3 Pyramidal Neurons

Dendritic branches of Layer 2/3 pyramidal neurons in Layer 1 were identified from 3D
image stacks with high image quality (signal-to-background-noise ratio > 4-fold). Dendritic
filopodia were identified as long thin structures (head diameter/neck diameter <1.2-fold and
length/neck diameter >3-fold) with fluorescence intensity comparable to those of thin spine
necks. The remaining protrusions were classified as spines. For quantifying spine or
filopodial density on individual dendritic branches in the barrel cortex, branches longer than
20 um were included in order to minimize the variation in spine density. Spine or filopodial
density was calculated as the total number of spines or filopodia divided by the total length
of dendritic segments measured in each animal.

Dev Neurobiol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiao et al. Page 5

Statistics

All data except in Fig. 2B were presented as mean + S.E.M.. A Student t-test was used to
determine the difference between groups. P < 0.05 was considered statistically significant.

RESULTS

Higher turnover of axonal boutons during development than in adulthood

To determine axonal bouton dynamics in Layer 1 of the barrel cortex, we used Thyl-YFP H
line transgenic mice in which YFP is predominantly expressed in a small subset of Layer 5
pyramidal neurons in the cortex, as well as in the hippocampus and amygdala (Feng et al.,
2000; Porrero et al., 2010). Previous studies have shown that axonal inputs to Layer 1 of the
barrel cortex come from various sources including the thalamus, motor cortex, as well as
local projection neurons within the barrel cortex (De Paola et al., 2006; Lu and Lin, 1993;
Lubke et al., 1996; Petersen et al., 2003; Petreanu et al., 2009; Shepherd et al., 2005;
Veinante and Deschenes, 2003). Because YFP is not expressed in the thalamocortical
neurons in YFP H line mice (Porrero et al., 2010), many of axonal terminals imaged in this
study were likely from YFP-expressing Layer 5 pyramidal neurons in the motor and barrel
cortices.

Using transcranial two-photon microscopy, we imaged the same axonal branches over time
in Layer 1 of the barrel cortex at various ages (Fig. 1A-D). We focused our studies on en
passant boutons (EPBs) because they were the most abundant presynaptic structures in the
barrel cortex of YFP H line mice. EPBs were identified according to the criteria described in
previous studies (De Paola et al., 2006; Grillo et al., 2013; Majewska et al., 2006). They
appeared as swellings along the axonal shaft and were at least two times brighter than the
shaft in at least one imaging session (Fig. 1D). We found that over 2 days (Fig. 1E), the
elimination and formation rates of axonal boutons were 5.3 + 1.7% and 7.5+ 2.1% in 3-
week-old mice (5 mice, n = 238 boutons), 3.3 + 2.4% and 3.1 £ 1.4% in 1 month-old mice
(4 mice, n =273), 2.9 £ 0.6% and 3.9 = 0.6% in adult mice (7 mice, n = 580). No significant
difference in the formation or elimination rate of axonal boutons was found over 2 days
among mice of various ages (P > 0.1).

Over a period of 2 weeks (Fig. 1F), the elimination and formation rates of axonal boutons
were 13.3 = 6.7% and 26.8 £ 5.0% in 3-week-old mice (3 mice, n =121), 7.5 + 1.5% and
6.8 £ 2.7% in 1-month-old mice (7 mice, n = 448), 6.2 + 1.0% and 5.3 = 1.6% in adult mice
(4 mice, n = 439). Both the elimination and formation rates of axonal boutons over 2 weeks
were significantly higher in 3-week-old mice than those in 1-month-old and adult mice
(unpaired t test, P < 0.05), indicating a progressive stabilization of axonal boutons as
development proceeds.

Regardless of the ages of animals, we found that > 90% of axonal boutons persisted over 2
weeks in mice older than 1 month of age. The overall stability of axonal boutons was
slightly higher than that of postsynaptic dendritic spines of Layer 5 pyramidal neurons in
mice of the same age (Zuo et al., 2005a; Zuo et al., 2005b).
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A slight net loss of axonal boutons in young adolescent mice

Previous studies have shown that there is a ~20% net loss of spines on apical tuft dendrites
of Layer 5 pyramidal neurons in the barrel and visual cortices in mice from 1 month to 2
months of age (Grutzendler et al., 2002; Zuo et al., 2005a). To examine whether a similar
net loss of axonal boutons might occur in the barrel cortex, we imaged axonal boutons over
a 1-month interval in 1-month-old mice (Fig. 2A). We found that the elimination rate of
boutons was slightly but significantly higher than the formation rate over one month (11.7 =
1.6% versus 7.9 + 1.7%, 5 mice, n = 320; P < 0.05, paired t test). As a result, there is a
~4.8% reduction in the number of axonal boutons in mice from 1 month to 2 months of age.
In adult mice, no significant difference in the rates of botuon elimination and formation were
observed over a one-month interval (Fig. 2A; 6.9 + 0.8% versus 5.9 £+ 0.8%, 6 mice, n =
491; P> 0.2).

The above results indicate that the net loss of axonal boutons is much smaller than that of
dendritic spines on apical tufts of Layer 5 pyramidal neurons in mice from 1 month of age to
adulthood. Because axonal boutons in Layer 1 form synapses with not only Layer 5
pyramidal neurons but also other cell types including inhibitory neurons and Layer 2/3
pyramidal neurons, we examined whether dendritic spines of Layer 2/3 neurons in Layer 1
of the barrel cortex undergo a net loss similar to axonal boutons from 1 month of age to
adulthood. In this experiment, we transfected YFP into Layer 2/3 pyramidal neurons in the
barrel cortex with an in utero electroporation technique and subsequently quantified the
density of dendritic spines on apical tuft dendrites of Layer 2/3 pyramidal neurons in mice at
1 month and 6 months of age (Fig. 2B).

We found that dendritic spine density was slightly but not significantly higher at 1 month of
age than at 6 months of age (0.79 £ 0.05/um (n = 7) versus 0.73 £ 0.08/um (n =4); P> 0.2).
In addition to dendritic spines, there was a higher percentage of dendritic filopodia, long and
thin protrusions without bulbous spine heads, in 1-month-old mice (11.7 + 5.7% of dendritic
protrusions; n = 7) than in 6-month-old mice (6.3 + 2.2%; n = 4). The density of total
dendritic protrusions (spines and filopodia) was 0.94 £ 0.06/um (n = 7) at 1 month of age,
significantly higher than that at 6 month of age (0.79 + 0.07/um, n = 4) (P < 0.05). Similar
to axonal boutons, the reduction in the density of dendritic spines or total dendritic
protrusions on apical tufts of Layer 2/3 pyramidal neurons is less than that of Layer 5
pyramidal neurons in mice from 1 month of age to adulthood. This finding suggests that a
small reduction in the number of axonal boutons in young adolescent barrel cortex could be
in part due to the fact that axonal boutons form synaptic contact with spines on Layer 2/3
pyramidal cells.

Boutons existed for more than 1 week show higher stability than those formed recently

Previous studies have shown that newly-formed spines are mostly eliminated while spines
existed for weeks are largely maintained over time (Yang et al., 2009). We found that the
survival rates of newly-formed and pre-existing axonal boutons were also substantially
different. In 1-month-old mice (Fig. 3A), only 24.3 £ 12.7% of axonal boutons formed
during the previous one week persisted over the next 2 to 3 weeks (3 mice, n = 18), whereas
93.4 + 2.0% of boutons existed for at least one week persisted over the same 2—-3 week
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period (3 mice, n = 169). In adult mice (Fig. 3B), 61.3% * 2.8% of boutons formed over the
past one month persisted over the next 5 months (3 mice, n = 15), whereas 88.7% + 2.8% of
axonal boutons existed for at least one month were maintained over the same 5 month period
(3 mice, n = 229). Thus, similar to dendritic spines, recently-formed axonal boutons are
largely eliminated over subsequent days to weeks. Axonal boutons existed for weeks in the
barrel cortex are largely maintained over time.

Long-term stability of axonal boutons in adulthood

The above findings show that >85% of axonal boutons in the adult barrel cortex persist over
more than 5 months. To better understand the persistence of axonal boutons, we examined
the formation and elimination of axonal boutons in the barrel cortex over various time
intervals, up to 12 months (Fig. 4). We found that the survival rates of axonal boutons were
89.2 + 1.2% (4 mice, n = 201), 85.8 £ 1.5% (3 mice, n = 292), 79.2 + 2.1% (2 mice, n =
265) over 2 months, 5.5 months, and 12 months respectively. The survival of boutons over
time could be fitted with a single-exponential equation (Fig. 4; 0.9583e~0-015% R2 = 0.9235).
Assuming a stochastic turnover of axonal boutons, we estimated that axonal boutons existed
for two months would be eliminated at an average rate of ~1% per month. Consistent with
previous findings of long-term stability of adult dendritic spines, we estimated that ~60% of
axonal boutons in the mature barrel cortex could last over 3 years.

Sensory enrichment over 2-4 weeks has no significant effects on axonal bouton turnover

Many lines of evidence indicate that sensory experience plays an important role in
regulating synaptic strength and number (Buonomano and Merzenich, 1998; Gogolla et al.,
2007; Knott et al., 2002; Majewska et al., 2006; Yang et al., 2009; Zuo et al., 2005b). It has
been shown previously that whisker stimulation over 24 hours or sensory enrichment over
days causes a transient increase in the formation of new dendritic spines in the barrel cortex
(Knott et al., 2002; Yang et al., 2009). To investigate the effects of enriched sensory
experience on the remodeling of axonal boutons, we compared the rates of axonal bouton
formation and elimination in the barrel cortex in mice under enriched environment (EE) and
standard housing environment (SE, control group) (Fig. 5). Sensory enrichment was
provided by placing mice in standard housing cages containing strings of beads whose
positions were changed daily. The same sensory environment has been shown to increase
the remodeling of dendritic spines of Layer 5 pyramidal neuron over days in the barrel
cortex (Yang et al., 2009). Notably, we found no significant differences in the turnover rates
of axonal boutons in 1-month-old mice housed under SE and EE over either 2 weeks or 1
month (Fig. 5A, B, P > 0.05). Similarly, in adult mice, the elimination and formation of
axonal boutons were slightly but not significantly higher under EE than those under SE over
2 weeks or 1 month (Fig. 5C, D; P > 0.05). The observations indicate that sensory
enrichment over weeks has no significant effects on the turnover rates of axonal boutons.

DISCUSSION

In this study, we examined the remodeling of presynaptic axonal boutons in Layer 1 of the
mouse barrel cortex using transcranial two-photon microscopy. Similar to dendritic spines
on apical tuft dendrites of Layer 5 pyramidal neurons, axonal boutons located in Layer 1 are
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more plastic during development than in adulthood. In adult mice (> 3 months), the majority
of axonal boutons persist over many months. Furthermore, enriched sensory environment
cause a slight but not significant increase in the turnover rates of axonal boutons over 2—4
weeks. Together with previous findings of dendritic spine stability (Grutzendler et al., 2002;
Yang et al., 2009; Zuo et al., 2005a), our findings underscore the overall stability of synaptic
connections in the mature barrel cortex.

Our studies show that presynaptic axonal boutons are more persistent than dendritic spines
on apical dendrites of Layer 5 pyramidal neurons in Layer 1 of the developing and mature
barrel cortex (Yang et al., 2009; Zuo et al., 2005a; Zuo et al., 2005b). In the adult barrel
cortex, it has been shown that axonal boutons with a relative intensity ~2 times the intensity
of the axonal backbones make synaptic contacts with postsynaptic structures (Grillo et al.,
2013). Because axonal boutons included in our analysis were > 2 times brighter than the
axonal backbone, it is likely that the vast majority of these boutons bear synapses. Several
lines of evidence indicate that a fraction of axonal boutons make synaptic contacts with
multiple spines (Knott et al., 2006; Shepherd and Harris, 1998; Toni et al., 1999; Toni et al.,
2007). It is possible that one spine in contact with such a multi-spine bouton could be
formed or eliminated whereas the bouton would persist. This would explain a lower turnover
rate of axonal boutons as compared with that of dendritic spines. Furthermore, because
axonal boutons likely make synaptic contacts with both excitatory and inhibitory neurons, it
is also possible that axonal boutons in contact with inhibitory neurons were more stable than
those with dendritic spines on pyramidal neurons. Further studies with trans-synaptic
labeling approaches would be required to resolve this issue.

Previous studies from fixed tissue show that there is a substantial reduction in synaptic
density in the mammalian cortex from infancy until puberty (Huttenlocher, 1990;
Huttenlocher and Dabholkar, 1997; Lubke and Albus, 1989; Markus and Petit, 1987; Rakic
et al., 1986). Our results show that there is a slight net loss of axonal boutons or spines of
Layer 2/3 pyramidal neurons in the mouse barrel cortex from 1 month of age to adulthood.
Nevertheless, the reduction in the number of axonal boutons or spines of Layer 2/3
pyramidal cells is substantially less than that of dendritic spines on apical tuft of Layer 5
pyramidal neurons (Grutzendler et al., 2002; Majewska et al., 2006; Yang et al., 2009; Zuo
et al., 2005a). Therefore, dendritic spine loss on apical tuft of Layer 5 pyramidal neurons
appears to be a major contributor to the total loss of synaptic connectivity in the superficial
layer of the developing barrel cortex. In the optic tectum of Xenopus tadpoles, the number of
axonal boutons in contact with multiple dendrites decrease as animals mature (Li et al.,
2011). It would be interesting to determine whether there is a transition from multiple-spine
boutons to single-spine boutons in the barrel cortex as development proceeds. Such a
transition would be consistent with a substantial loss of dendritic spines of Layer 5
pyramidal neurons, but not axonal boutons, in young adolescent barrel cortex.

The turnover rates of axonal boutons (~5% over one month) in the adult barrel cortex are
comparable to those reported in somatosensory, and auditory cortices (Majewska et al.,
2006), but are lower than those in the barrel cortex reported in a previous study (De Paola et
al., 2006). In our study, we focused on the dynamics of fluorescently-labeled en passant
boutons as they are the most abundant ones in the barrel cortex of Thyl-H line mice. These
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en passant boutons likely come from YFP-expressing Layer 5 pyramidal projection neurons
within the barrel cortex as well as other cortical regions because YFP expression is absent in
the thalamocortical neurons in YFP H line mice. In the previous study, different transgenic
mouse lines were used to identify two types of axons with en-passant boutons in the barrel
cortex, one coming from the thalamus and another from local projection neurons in the
barrel cortex (De Paola et al., 2006). ~25% of en-passant boutons, likely from projection
neurons within the barrel cortex and other cortical regions, were found to undergo turnover
within one month. Furthermore, ~60% of terminaux boutons, likely from Layer 6 pyramidal
neurons, undergo turnover over one month. In addition to the use of different transgenic
lines, it is important to note the differences in imaging approaches between these two
studies. In our study, axonal boutons were imaged through a thinned-intact skull (~15 pm in
thickness). In the previous study, axonal boutons were imaged through a cranial window that
involves removing a piece of the skull and implanting a coverslip, as well as adding
dexamethasone to minimize swelling at the surgical sites. It has been shown that dendritic
spine dynamics is high under open-skull window than under a thinned skull window,
presumably due to various factors related to open-skull surgery and window implantation
(Holtmaat et al., 2005; Trachtenberg et al., 2002; Xu et al., 2007; Yang et al., 2010).
Therefore, the difference in the measurement of axonal bouton dynamics could be at least in
part due to the use of different cranial windows for in vivo imaging.

Previous studies have shown sensory enrichment over days leads to a significant increase in
new spine formation on apical dendrites of Layer 5 pyramidal neurons in the barrel cortex
(Yang et al., 2009). Furthermore, a small fraction of newly-formed spines persist over
extended periods of time. We found that the same sensory enrichment causes a slight, but
not significant, increase in the formation and elimination of axonal boutons over 2—4 weeks.
Several lines of evidence indicate that some newly-formed spines are in contact with multi-
spine boutons (Knott et al., 2006; Toni et al., 1999; Toni et al., 2007). It is thus possible that
some of dendritic spines formed in response to enriched sensory experiences may form
synaptic contact with multiple-spine boutons. This may explain in part why the de novo
formation of axonal boutons in the barrel cortex occurs to a lesser degree than that of new
dendritic spines in response to enriched sensory experiences. Furthermore, it is important to
note that while the majority of axonal boutons are stably maintained over time under
different sensory environment, the morphology of these boutons could undergo activity-
dependent changes during development and adulthood (Becker et al., 2008; Galimberti et
al., 2006). Because the size of synapses correlates with synaptic strength (Harris and
Stevens, 1989; Knott et al., 2006; Matsuzaki et al., 2001), changes in axonal bouton
morphology indicate that synaptic strength may be modified without axonal bouton
turnover. Future studies are needed to investigate this issue to better understand how
changes in the morphology of pre-synaptic terminals contribute to adult plasticity (Becker et
al., 2008; Buonomano and Merzenich, 1998; Grossman et al., 2002).
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Figure 1. Axonal bouton turnover in young and adult barrel cortex
(A) Transcranial two-photon imaging of the mouse barrel cortex. (B) CCD camera view of

the vasculature of the barrel cortex below the thinned skull. The white box indicates the
region where the two-photon image in (C) was obtained. (C) A low magnification image of
dendrites and axons in Layer 1. A higher-magnification view of the axon segment in (C) is
shown in (D). (D) Repeated imaging of an axonal branch over 2 days. The open and filled
arrowheads indicate eliminated and newly formed axonal boutons over two days. (E)
Elimination and formation rates of axonal boutons in three-week-old, one-month-old
(young) and >3-month-old (adult) mice over a two-day interval. No significant differences
were found in the elimination or formation rate among mice of various ages. (F) Elimination
and formation rates of axonal boutons over two weeks in mice of various ages. Both the
formation and elimination rates in 3-week-old mice were significantly higher than those in
1-month-old or adult mice. The formation rate of axonal boutons was significantly higher
than the elimination rate at the age of 3 weeks. No significant difference in bouton formation
or elimination rates was found over 2 weeks between 1-month-old and > 3-month-old mice.
Data are presented as mean £ S.E.M. * P < 0.05.
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Figure 2. A dlight net loss of axonal boutonsin young adolescent mice
(A) Elimination and formation rates of axonal boutons in young and adult mice over one

month. Young mice showed a significantly higher rate of bouton elimination than bouton
formation, resulting in a net loss (~4.7%) in young mice over a one-month interval. No
significance was found between the rate of bouton elimination and formation over a one-
month interval in adult mice. Data are presented as (mean + S.E.M.). (B) Spine density on
apical dendrites of Layer 2/3 pyramidal neurons was not significantly different between 1-
month-old and 6-month-old mice (P > 0.2). The density of total dendritic protrusions (spines
and filopodia) of Layer 2/3 pyramidal neurons was significantly higher in 1-month-old mice
than in 6-month-old mice. Data are presented as mean = S.D. * P < 0.05.
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Figure 3. Boutons existed for weeks showed higher stability than those newly formed
(A) Axonal boutons formed within the previous week and pre-existing boutons were

identified. The survival rates of pre-existing and newly formed spines were measured over
the next 2—-3 weeks. Boutons pre-existed for more than one-week showed a significantly
higher survival rate than those formed during the previous week (P < 0.05). (B) Boutons
existed for at least one month showed a significantly higher survival rate during the next five
months than those formed over the previous month. Data are presented as mean = S.E.M. *

P < 0.05.
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Figure4. Long-term stability of axonal boutonsin adult barrel cortex
The survival rate of axonal boutons over various time intervals in adult barrel cortex. The

number of animals examined over each time interval is indicated in the figure. The total
number of axonal boutons quantified are 580, 491, 201, 292, 265 over 2 days, 1 month, 2
months, 5.5 months, and 12 months respectively. The line represents a single-exponential
regression fitting (y=0.9583e70-015x R2 =0.9235). Data are presented as mean + S.E.M.
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Figure5. Sensory enriched environment has no significant effects on bouton turnover rates over
weeksin young and adult barrel cortex

(A-B) In young mice, there was no significant difference in the elimination or formation
rate of axonal boutons between ‘EE’ and ‘SE’ groups over either two weeks (A) or one
month (B). (C-D) In adult mice, there was a slight, but not significant, difference in the
elimination or formation rate of axonal boutons between ‘EE’ and ‘SE’ groups over two
weeks (C) or one month (D). Data are presented as mean = S.E.M. P > 0.05.
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