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Aging is a major risk factor for many neurological diseases and is
associated with mild cognitive decline. Previous studies suggest that
aging is accompanied by reduced synapse number and synaptic
plasticity in specific brain regions. However, most studies, to date,
used either postmortem or ex vivo preparations and lacked key in
vivo evidence. Thus, whether neuronal arbors and synaptic struc-
tures remain dynamic in the intact aged brain and whether specific
synaptic deficits arise during aging remains unknown. Here we used
in vivo two-photon imaging and a unique analysis method to rigor-
ously measure and track the size and location of axonal boutons in
aged mice. Unexpectedly, the aged cortex shows circuit-specific in-
creased rates of axonal bouton formation, elimination, and destabi-
lization. Compared with the young adult brain, large (i.e., strong)
boutons show 10-fold higher rates of destabilization and 20-fold
higher turnover in the aged cortex. Size fluctuations of persistent
boutons, believed to encode long-term memories, also are larger in
the aged brain, whereas bouton size and density are not affected.
Our data uncover a striking and unexpected increase in axonal
bouton dynamics in the aged cortex. The increased turnover and
destabilization rates of large boutons indicate that learning and
memory deficits in the aged brain arise not through an inability to
form new synapses but rather through decreased synaptic tenac-
ity. Overall our study suggests that increased synaptic structural
dynamics in specific cortical circuits may be a mechanism for age-
related cognitive decline.
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hat are the cellular mechanisms that lead to age-related

cognitive decline? There is significant evidence suggesting
that synaptic impairment, rather than neuronal loss, may be the
leading cause of cognitive deterioration (1-3). However, the
mechanisms that underlie this synaptic impairment remain poorly
understood.

It is widely believed that learning deficits within the aging brain
result from reduced synaptic density and plasticity (3). Most
studies so far have focused on dendritic spines, the postsynaptic
sites of excitatory synapses. Both the size and the number of den-
dritic spines are affected in pyramidal neurons of the aged (Ag)
cortex and hippocampus (2-5). Interestingly, it is mainly thin
spines, likely to be the main site of postsynaptic plasticity (6), that
are reduced in numbers and display a larger spine head volume in
cortical neurons of the Ag monkey (7) and in rat cortex (8). Much
less is known about presynaptic deficits with aging. Synaptophysin
(a synaptic vesicle component) labeling decreases (9), and treat-
ments that rescue age-related cognitive decline lead to increased
synaptophysin immunoreactivity and increased synaptic plasticity
in the hippocampus (10). Overall these findings from different
brain areas and species point to a reduction of the number, size,
and plasticity of neuronal connections in the Ag brain. However,
most studies to date have used either postmortem fixed tissue to
study synaptic density and size or in vitro slice preparations to study
synaptic plasticity. As a consequence, it is unknown whether neu-
ronal arbors and synaptic structures continue to be dynamic in the
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Ag brain or whether specific deficits in synaptic structural plasticity
accompany cognitive impairment.

In vivo imaging studies have shown that most synapses in the
adult cortex are stable throughout the whole lifetime of the an-
imal (i.e., are persistent), whereas only a small fraction is formed
and eliminated in response to new experience (11-14, but see
ref. 15) and behavioral training (13, 16). Because the size of
a synapse is directly related to its strength (17-20), changes in
the size of persistent synapses could play a significant role in
mediating optimal cognitive function and experience-dependent
plasticity alongside synapse formation, elimination, and stabili-
zation (13, 14, 16, 21-23). However, little is known about structural
changes of persistent synapses in the living brain. This knowledge
is especially lacking for axonal boutons, mainly because of the lack
of tools to measure their size and track their location rigorously
over extended periods of time in vivo.

To resolve these issues and gain mechanistic insights into the
synaptic basis of age-related cognitive decline, we have combined
chronic in vivo two-photon (2P) imaging of large populations of
synaptic boutons with a semiautomated algorithm that eliminates
the problematic user-dependent bias in the analysis of synaptic
structures (24). We find that the density and size of axonal bou-
tons are not affected in the somatosensory cortex of cognitively
impaired Ag mice. Unexpectedly, the Ag cortex shows increased
rates of axonal bouton addition, elimination, and destabilization,
indicating higher synaptic structural dynamics. Large boutons
show 10-fold higher rates of destabilization and 20-fold higher
rates of turnover in the Ag cortex than in the young adult (YA)
cortex. We also show that the rate of change of bouton size is
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higher in the Ag brain and that persistent boutons, which are
believed to encode long-term memories, are selectively targeted.
Increased synaptic instability was found on layers (L) 2/3/5 and
thalamocortical axons but not on L6 axons, suggesting circuit-
specific effects of aging. Overall, our study identifies increased
synaptic instability in defined axonal networks as a potential
mechanism for age-related cognitive loss.

Results

Measuring the Size of Individual Axonal Boutons in Vivo. To in-
vestigate whether synaptic structural plasticity is altered in the Ag
brain, we imaged axons and their boutons in vivo through a cranial
window. Two groups of animals were imaged at 4-day intervals
over a period of 24 d: YA animals (age 4-6 mo) and Ag animals
(age 22-24 mo) (Fig. 14). In this study we considered relatively
long segments (up to 2 mm per axon) of cortical axonal arbors
residing in L1 and L2/3 of the somatosensory cortex (Fig. S1). We
classified boutons into three categories, according to their dy-
namics (Fig. 14): (i) persistent boutons that were present for all of
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Fig. 1. Experimental outline and EPBscore software principles. (A) Sche-
matic of the experimental design. GFP* mice underwent cranial surgery.
Two-photon in vivo imaging started 15 d after the craniotomy. Boutons
were classified, according to their dynamics as either persistent (always
present; solid black ovals) or nonpersistent (absent in at least one session;
white or gray ovals). A subset of nonpersistent boutons was defined as
destabilized (gray ovals). (B-D) EPBscore software. (B) Axons were modeled as
cables filled with GFP. Plotting the maximum intensities along the cable
returns an intensity profile. (C) Overlaid intensity profiles corresponding
to EPBs (profile peaks) over multiple imaging sessions (represented by dif-
ferent colors). (D) Time-lapse series (4-d interval) showing correlation of
detected EPBs identified by peak profile values. Numbers relate to the
peaks in C, and colors indicate single-session profiles. (E) Nine imaged EPBs
were reconstructed at the EM level revealing a high degree of correlation
between the EM-calculated volume and the two-photon-measured intensity,
both including (triangles, P = 0.003) and excluding (circles, P = 0.002) mi-
tochondria from EM volume measurements. (F-H) Representative EM 3D
reconstruction of an imaged EPB. (F) Two-photon image showing the EPB of
interest (red arrow). (G) EM section of in vivo-imaged EPB. The red arrow
indicates an EPB with a visible vesicle pool and an electron-dense active
zone. The yellow arrow points to the postsynaptic spine. (H) 3D reconstruction
from EM serial sections. The red arrow indicates the EPB of interest; the
yellow arrow indicates the postsynaptic spine.
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the seven imaging sessions; (ii) nonpersistent boutons that were
gained after the first session and/or lost before the last session; and
(ii) destabilized boutons that were present for the first three ses-
sions (i.e., for 8 d) and subsequently were lost before the last imaging
session. Destabilized boutons also are considered nonpersistent.

En passant boutons (EPBs) are the most abundant class of cor-
tical presynaptic structures and can be identified as swellings along
the axonal shaft. It has been shown that bouton size correlates with
the size of the postsynaptic density and thus with synaptic strength
(25). Although image analysis for terminaux boutons (TBs) is rel-
atively straightforward and is similar to dendritic spine tracking
(26), EPB analysis poses a number of challenges because their
spheroid structure cannot be measured precisely in length units. To
measure EPB size and changes in size in the intact brain, we used
animals that express cytosolic GFP in subsets of excitatory neurons
(GFP-M) (27). We then modeled the axon as a cable filled with
GFP molecules (Fig. 1B), and because more GFP molecules will
accumulate in larger compartments (e.g., boutons), the intensity
of the signal there will be higher. Because the size of 2P-imaged
synaptic structures, especially in the z plane, is below the point
spread function of the microscope (25), the intensity is directly
proportional to the size of the structure. We developed a semi-
automated software, termed “EPBscore” (Materials and Methods)
that accurately and reproducibly measures axonal bouton intensity
(i.e., size) in 3D from 2P image stacks (Fig. 1 C and D). To validate
our analysis method, we correlated the in vivo intensity measure-
ments with the volume determined from EM reconstructions of
the same boutons (Fig. 1 E-H). Using serial section electron mi-
croscopy (SSEM), we reconstructed a total of nine boutons that
previously had been imaged in vivo. All reconstructed boutons
made synapses; the smallest of these fully equipped boutons had
a volume of 0.236 pm® and a relative intensity 1.92 times the in-
tensity of the axonal backbone (Fig. 1 F-H). For each bouton we
considered the total volume and the volume excluding eventual
mitochondria. Both size measurements are highly correlated with
the 2P intensity measurements: R* including mitochondria = 0.74,
P = 0.003; R? excluding mitochondria, = 0.77; P = 0.002 (Fig. 1E).
These results suggest that EPBscore is a powerful tool for detecting
EPBs and for measuring and tracking their size in the living brain.
Using this analysis procedure, we sought to determine whether
persistent synapses undergo structural changes that, in addition to
synapse gain and loss, might play a role in aging-related cognitive
impairment.

Cortical Axon Branches Retain Dynamic Properties in the Ag Brain.
We next investigated axonal structural dynamics in vivo. Although
axonal arbors are relatively stable in the adult brain, a subset of
branches elongates and retracts tens of microns over a few days
(26). These changes are more prominent on TB-rich axons than
on EPB-rich axons (26) and may influence the information stor-
age capacity of the brain (28). Does the aging process affect the
remodeling of axonal arbors? We find that the density and plas-
ticity of axonal branches is comparable in Ag and YA animals
(Fig. 2). We measured the average branch density and length
(YA, n = 6 mice, 7 axons, 72 branches; Ag, n = 7 mice, 10 axons,
109 branches). We found no significant difference in branch
density (YA: 0.014 + 0.004 branches per micrometer; Ag: 0.018 +
0.002 branches per micrometer; P = 0.22) (Fig. 2B) or in the
average length of these protrusions (YA: 4.92 + 0.28 pm; Ag: 5.31 +
0.28 pm; P = 0.44) (Fig. 2C). The proportion of dynamic branches
(Materials and Methods) was similar in the two groups (dynamic
fraction YA: 0.48 + 0.13; Ag: 0.45 + 0.06; P = 0.56) (Fig. 2D), and
so was the average absolute length change over 4-d intervals
(YA: 3.00 = 0.33 pm; Ag: 3.09 + 0.33 pm; P = 0.94) (Fig. 2F).
Remarkably, our data provide evidence that active elongation and
retraction of axonal branches are not diminished during aging.
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Fig. 2. Axonal arbors continue to remodel in the Ag brain. (A) (Lower) Time
series showing active growth of a branch (arrow) in the Ag mouse brain
from postnatal day 678. (Upper) Low-magnification view of the same axon.
(B) Density of axonal branches is comparable (P = 0.22) in YA (blue circles, n =6
mice, 7 axons, 72 branches), and Ag (red circles, n = 7 mice, 10 axons, 109
branches). Black markers indicate the average values in the respective
groups. (C) Average branch length per animal over six imaging sessions
(20 d) is comparable in the two groups (P = 0.44). (D) Fraction of branches
that display dynamic behavior is comparable in YA and Ag mice (P = 0.56).
(E) Mean change in the absolute length of dynamic branches over all im-
aging sessions in a 4-d interval is similar in YA and Ag mice (P = 0.94).

Axonal Bouton Density Is Unaffected in the Ag Brain. We then mea-
sured the density and the dynamic properties of cortical EPBs.
GFP-expressing EPB-rich axons in the Thyl-GFP-M line origi-
nate from cell bodies lying in L2/3 and LS5 of the cortex or in the
thalamus (26). We find that average bouton density is compa-
rable in Ag and YA mice [YA: 0.061 + 0.0047 EPB per mi-
crometer; n = 27 axons, 17.8 mm, and 1,745 distinct EPBs (1,082
at day 4); Ag: 0.056 + 0.0034 EPB per micrometer; n = 44 axons,
28.5 mm, and 3,034 distinct EPBs (1,588 at day 4); P = 0.33]
(Fig. 3 A and B). Furthermore, bouton density remains stable
over a 24-d period in both groups (Fig. S24).

Increased Rates of Axonal Bouton Dynamics in the Ag Brain. Synapses
are formed and eliminated at higher rates during development
than in adulthood. Do synaptic dynamics continue to decrease in
the Ag brain? Our in vivo imaging protocol (Fig. 14) allowed us
to track the same axons (YA: n = 13; Ag: n = 15) over a period
of 24 d. To study synaptic structural stability in the two groups,
we calculated the survival fraction (SF), defined by the number
of initial EPBs that survive at each time point divided by the
initial total number of EPBs on day 0. Surprisingly, Ag mice lose
EPBs more quickly than YA mice; that is, EPBs are less stable in
the Ag brain. After 24 d of imaging, Ag mice retain only 59% of
their initial EPBs, versus 77% for the YA group (24-d SF: YA =
77 + 53%, n = 13 axons; Ag = 59 + 4.4%, n = 15 axons; P <
0.001) (Fig. 3C). Are newly formed or relatively stable EPBs
more likely to be lost in the Ag brain? We defined destabilized
boutons as EPBs that were present during the first three imaging
sessions (i.e., between days 0 and 8) (Figs. 14 and 3 D and E) and
then were lost before the end of the imaging paradigm. The
probability of synaptic destabilization (ProbDest) is higher in the
Ag brain (YA: 0.14 + 0.04; Ag: 0.27 + 0.01; P = 0.02) (Fig. 3D),
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as is the density of destabilized EPBs (YA: 0.007 + 0.002, n = 8
mice; Ag: 0.012 + 0.001, » = 7 mice; P = 0.04) (Fig. 3E). In
contrast, newly formed EPBs have similar rates of stabilization
and persistence (Materials and Methods) in both age groups
(Fig. S3).

Although the rate of EPB loss is higher in the Ag brain, EPB
density in both groups remains stable over time (Fig. S24). This
stability suggests that higher rates of EPB replacement occur to
compensate for the increased loss in the Ag animals. Indeed we
found that the turnover rate (TOR) over a 4-d period is higher
on axons imaged in the Ag group (YA: 0.08 = 0.009; Ag: 0.15 +
0.01; P = 0.0014) (Fig. 3F). When TOR is expressed as density (n
gain + n loss per micrometer), TOR YA = 0.009 + 0.001; TOR
Ag = 0.015 £ 0.001; P = 0.001 (Fig. 3G). Both the density (Fig. 3
H and I) and the fraction of gains and losses (Fig. S4) are in-
creased in the Ag animals. The TOR is stable over time in both
age groups (Fig. S5). Increased TOR is likely associated with a
rewiring of cortical circuits if boutons are added at one location
and eliminated elsewhere along the axonal arbor (28). In con-
trast, repetitive EPB gains and losses could occur at the same
axonal sites, perhaps implying that the same synapses undergo
multiple cycles of formation and disassembly that do not nec-
essarily lead to rewiring of the circuit. To distinguish between
these possibilities, we kept track of the location of the dynamic
events. EPB losses with subsequent reappearance at the same
site (the reappearance fraction, calculated as the number of
reappearances divided by the initial number of EPBs) were al-
most doubled in the Ag brain (0.47) as compared with the YA
brain (0.25), suggesting that a subset of synaptic connections is
structurally weaker in the Ag brain.

Large EPBs Are Most Affected in the Ag Brain. We next sought to
determine if the EPB destabilization rate is controlled by EPB
size (Fig. 4 A-C). Importantly, the distribution of EPB size in
YA and Ag animals is highly comparable (Fig. 5C). As expected
large (i.e., strong) EPBs generally are more stable than small
(i.e., weak) EPBs (see Materials and Methods for the definition
of EPB size). However, although small EPBs are destabilized at
comparable rates in both YA and Ag animals (YA small EPBs:
ProbDest = 0.40 + 0.08; Ag small EPBs: ProbDest = 0.57 +
0.05; P = 0.07) (Fig. 4B), large EPBs are more than 10 times
more likely to be destabilized in the Ag brain than in the YA
brain (YA large EPBs: ProbDest = 0.01 + 0.006; Ag large EPBs:
ProbDest = 0.15 + 0.03; P < 0.01) (Fig. 4C). As for the rates of
destabilization, we wondered whether the TOR was the same for
large and small EPBs (Fig. 4 D-F). Consistent with the de-
stabilization results, we found that although small EPBs are lost
and gained at higher rates in the Ag brain (YA small EPBs:
TOR = 0.30 + 0.03; Ag small EPBs: TOR = 0.47 + 0.04; P =
0.004) (Fig. 4E), this effect is dramatically more prominent for
large EPBs, which almost never are replaced (i.e., lost or gained)
in YA (YA large EPBs: TOR = 0.001 + 0.0006; Ag large EPBs:
TOR = 0.023 = 0.006; P < 0.001) (Fig. 4F). These data indicate
that EPBs in the Ag cortex display increased plastic properties, in
contrast to many reports of reduced synaptic plasticity in different
regions of the aging brain (3, 8).

Persistent EPBs Have Increased Rates of Size Change in the Ag Brain.
Are changes in axonal bouton volume, which could represent
variations in synaptic strength, perturbed in the Ag brain? We
first studied the size (i.e., strength) of EPBs (Fig. 5). We found
no difference in the average intensity (Fig. 5B, YA: 5.46 + 0.24,
n = 13 mice; Ag: 5.22 + 0.20, n = 14 mice; P = 0.5) and a small
difference in the size distribution of EPBs on Ag compared with
YA axons (YA: n = 1,082; Ag: n = 1,588 EPBs from day 4) (Fig.
5C). Interestingly, the size of boutons showed a statistically sig-
nificant variation over time (P < 0.05; ANOVA) for 42% of the
axons in the Ag brain (Fig. 5D), in contrast to the results for
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Fig. 3. Rates of EPB replacement are higher in Ag mice than in YA mice. (A) Time series showing EPB dynamics in YA (Upper) and Ag (Lower) mice. Yellow
arrowheads point to persistent EPBs; solid blue arrowheads indicate EPBs that will be lost in the next session; open blue triangles indicate EPBs present in the
previous session and lost in the session shown. Solid red triangles indicate EPBs that have been gained; open red triangles indicate the location in the previous
session. (Scale bars: 10 pm.) (B) EPB density is not significantly different in YA mice (blue circles, n = 13 animals) and Ag mice (red circles, n = 14 animals); P =
0.33. Black markers indicate the average values for the respective groups. (C) EPBs in the Ag brain are less stable than in the YA brain. Shown are the SFs of
EPBs in YA brains (blue circles, n = 13 axons) and Ag brains (red circles, n = 15 axons); P = 2.017°, (D) ProbDest is higher in the Ag brain (red circles, n =7
animals and 15 axons) than in the YA brain (blue circles; n = 8 animals and 13 axons); P = 0.02. (E) The density of destabilized EPBs is higher in Ag mice (red
circles) than in YA mice (blue circles); P = 0.04. (F) The EPB TOR is higher in Ag brains (red circles; n = 14 animals) than in YA brains (blue circles; n = 13 animals);
P = 0.0014. Circles represent individual animals. (G) TOR density is higher in the Ag brain (red circles) than in the YA brain (blue circles); P = 0.008. (H) Gain
density is higher in the Ag brain (red circles, n = 14 animals) than in the YA brain (blue circles, n = 13 animals); P = 0.0016; (/) Loss density is higher in the Ag

brain (P = 0.029). Black markers indicate average values in the respective groups. *P < 0.05, **P < 0.01.

dendritic spine volumes on L5 cells (22). To estimate fluctua-
tions in the volumes of boutons that were present through con-
secutive sessions, we tracked bouton intensity over time using
EPBscore. As a measure of change in volume over time, we used
the absolute intensity ratio for each EPB between consecutive
sessions (Materials and Methods and Fig. S6). Observed fluctua-
tions in volume were much higher than the noise level (Fig. S7).
Surprisingly, EPBs in the Ag cortex have larger volume changes
than EPBs in the YA cortex (YA 4-d intensity ratio: 1.36 + 0.01,
980 EPBs, 15 animals; Ag 4-d intensity ratio: 1.42 + 0.01, n = 1386
EPBs, 14 animals; P = 0.008) (Fig. SE). We then distinguished
between persistent boutons [mean persistent EPB intensity
(backbone units): Ag = 6.4 +0.26; YA = 5.99 + 0.28; P = 0.28] and
nonpersistent ones [mean nonpersistent EPB intensity (backbone
units): Ag = 3.6 = 0.1; YA = 3.4 + 0.07; P = 0.1) (Fig. 14)] to
determine whether both populations contribute to the increased
intensity ratio. Persistent, highly stable synapses are thought to
encode long-term memories, but it is not known whether they
undergo morphological changes associated with cognitive impair-
ment in vivo (6). Interestingly, we found that the increased in-
tensity ratio in the Ag cortex is restricted to the persistent
population (YA: 1.35 +0.01, Ag: 1.43 + 0.01; P = 0.005) (Fig. 5F),
whereas the change in size in the nonpersistent EPB population is
similar in the two age groups (YA: 1.38 +0.02; Ag: 1.40 £ 0.02; P =
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0.467) (Fig. 5G). Our measurements of the fluctuations in the vol-
ume of axonal boutons in the intact living brain show that such dy-
namic behavior is increased in the persistent boutons in the Ag brain.

Large Boutons in the Ag Brain Form Structurally Normal Synapses. As
a proof of principle we reconstructed with EM two large boutons
previously imaged in the intact Ag cortex, to gain ultra structural
and circuit level information (Fig. 6). We fixed the tissue shortly
after the last imaging session for subsequent focused ion beam
scanning electron microscopy (FIBSEM) (Fig. 6B). The 3D re-
construction of this small region (Fig. 6C) allowed us to de-
termine that both persistent boutons formed multiple synaptic
contacts with dendritic spines and contained synaptic vesicles
and mitochondria (Fig. 6B-C). Thus, despite their increased
dynamics, large boutons retain the ability to form synapses that
are structurally normal in the Ag brain.

Relationship Between Changes in EPB Size and Formation/Elimination.
How are heightened EPB TOR, destabilization, and rates of size
change regulated at the individual axon level? To answer these
questions, we correlated the EPB TOR, ProbDest, and intensity
ratio for 15 axons imaged for 24 d in the Ag brain. We did not find
a statistically significant correlation between any of the three
parameters (e.g., TOR versus intensity ratio, R = 0.44, P = 0.1;
correlation matrix) (Fig. S8). However, when we considered
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a larger data set with all axons (n = 44) for which we had both
intensity ratio and TOR measurements over a shorter time (8-d)
window, there was a weak but highly significant correlation between
TOR and intensity ratio (R = 0.41; P = 0.003; Pearson’s linear
correlation), suggesting that increased rates of EPB replacement
and changes in size may be partially related processes occurring on
the same neurons. Interestingly, we also found that both the TOR
(Fig. S5) and the mean change in EPB size are stable over time on
individual axons in the Ag brain (P > 0.05; ANOVA) (Fig. 5H).
Taken together, these data show that although the density and size
of a large population of axonal boutons in L1 of the somatosensory
cortex are not affected by the aging process, their structural dy-
namics are strikingly enhanced.

Aging Targets Specific Presynaptic Elements. Is the increased plas-
ticity of EPBs a general deregulation of synaptic networks, or is it
specific to subsets of presynaptic elements and circuits? To an-
swer this question, we examined the dynamics of TBs, which are
the second major class of presynaptic structures in the cortex. TB-
rich axons are characterized by high levels of synaptic gain and
loss in YA animals (26). Similar to EPBs, TB densities were not
significantly different between groups (YA: 0.17 = 0.02 TB per
micrometer; # = 6 mice, 7 axons, 4.2 mm, 692 TBs; Ag: 0.14 +
0.01 TB per micrometer, n = 7 mice, 10 axons, 5.1 mm, 720 TBs;
P = 0.58) (Fig. 7 A and B and Fig. S2B), suggesting that the
regulation of the number of cortical axonal boutons is unaffected
by the aging process. However, contrary to our results for EPBs,
the SF curves for TBs are indistinguishable in YA and Ag animals
(20-d SF YA: 60.6 + 6%; 20-d SF Ag: 62 + 3%, P = 0.66) (Fig.
7C). The probability that TBs present for the first 8 d will be lost
(destabilized TBs) is not significantly different in Ag and YA mice
(ProbDest YA: 0.28 + 0.04; Ag: 0.22 + 0.02; P = 0.23) (Fig. 7D).
Finally, 4-d TOR rates also are similar in the two groups (YA:
0.13 + 0.01; Ag: 0.125 + 0.01; P = 0.36) (Fig. 7E), as are the
fraction of gains and losses (Fig. 7 F and G). Thus, aging targets
specific presynaptic elements and, presumably, circuits.

Ag Mice Are Impaired in a Tactile Version of the Object-Recognition

Task. So far we have shown that the aging process specifically
affects EPB dynamics in somatosensory cortex by increasing their
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structural plasticity. Arguably, aging should have a negative im-
pact on brain structure and function, but increased plasticity
often has been linked to increased behavioral performance. To
rule out the possibility that aging in our mouse lines leads to
improved cognitive performance, we tested their formation of
tactile recognition memories. To do so, we used a tactile version
of the object-recognition task. Rodents’ natural preference for
exploring novel objects can be used to test their recognition
memory. Animals performed the test in dark conditions and thus
were forced to explore exclusively with their whiskers and paws
(Fig. 84; for details see Materials and Methods). The familiar and
novel objects differed only in texture (i.e., rough or smooth). The
test trial, in which novel and familiar objects were presented, took
place 24 h after the sample periods, in which only familiar objects
were presented. We first confirmed that animals rely on whisker
function when performing the task. Indeed, YA mice with all
their whiskers trimmed were unable to distinguish between the
familiar and the novel object (Fig. S9). As expected, we then
found that the Ag group is impaired in this behavioral task. YA
animals (n = 13) interact longer with the novel object than with
the familiar object, as confirmed by two-way ANOVA (novel
object: 5.4 + 0.99 s; familiar object: 3.2 + 0.62 s; interaction
P = 0.043) (Fig. 8B). In contrast, Ag animals (n = 13) failed to
recognize the familiar object and spent an equal amount of time
exploring the novel object (mean novel object exploration time:
3.44 + 0.73 s; mean familiar object exploration time: 3.29 + 0.67 s;
P = 0.93; two-way ANOVA) (Fig. 8C). A significant difference
between the two age groups is evident by calculating the dis-
crimination index (DI): DI = [(novel exploration time/total ex-
ploration time) — (familiar exploration time/total exploration
time)] x 100, which accounts only for differences in exploration
time in the test trial (YA DI: 29.78 +5.5; Ag DI1: 3.99 + 6.39; P =
0.005; unpaired 7 test) (Fig. 8D). Total time spent exploring the
objects is comparable in the two groups, and both groups show
adaptation during the sample trials (Fig. 8 B and C), suggesting
that Ag mice also may remember the object for short periods of
time. Indeed, Ag mice perform well in this task when the latency
time between sample and test trials is reduced to 1 h (Fig. S9).
Overall, these results suggest that Ag mice have difficulty
forming long-term recognition memory.
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Fig. 5. Persistent EPBs size changes over days are greater in Ag mice. (A)

Time series showing variation in intensity/size of single boutons in YA (Upper)
and Ag (Lower) animals (Scale bars: 2 pm). (B) Relative EPB intensity ex-
pressed in backbone units is comparable in YA brains (blue circles; n = 15
animals, 1,082 EPBs) and Ag brains (red circles; n = 14 animals, 1,588 EPBs); P =
0.5. Black markers indicate average values. (C) The EPB size distribution is
similar in Ag brains (red circles) and YA brains (blue circles). (D) EPB size over
time on eight representative axons in Ag mice. Two axons (green lines) show
correlated changes in size (P < 0.05, one-way ANOVA). (E-G) Mean absolute
intensity ratio over a 4-d interval. (E) Intensity ratio averaged for all EPBs in
the YA (blue bar; n = 980 EPBs) and Ag (red bar; n = 1,386 EPBs) groups; P =
0.0077. (F) Persistent EPB intensity ratio in YA (blue bar; n = 707 EPBs) and Ag
(red bar; n = 872 EPBs) groups; P = 0.0047. (G) Nonpersistent EPB intensity
ratio in the YA (blue bar, n = 273 EPBs) and Ag (red bar; n = 514 EPBs) groups;
P =0.467. (H) EPB intensity ratio over time for representative individual axons
in the Ag brain (n = 8 axons); P > 0.05 for all; one-way ANOVA. **P < 0.01.

Discussion

By combining in situ imaging of axonal networks with a rigorous
method to quantify and track the size and location of large
populations of synaptic boutons and behavioral assessment of
cognitive function, we find a surprising circuit-specific increase in
structural bouton dynamics in the Ag cortex. We show not only
that the rates of addition and elimination of EPBs are higher but
also that EPBs are destabilized in the Ag brain more often than
in the YA brain. Compared with the YA stage, large EPBs in the
Ag brain are over 20 times more likely to be lost or gained. More-
over, by measuring the volume of individual axonal boutons over
periods of several weeks in vivo, we show that persistent EPBs
undergo higher rates of structural remodeling in the Ag cortex.
These unexpected alterations of synaptic structural plasticity are
associated with age-related cognitive impairment.

Computer-Assisted Analysis of Axonal Structure and Dynamics. The
process of data analysis to extract key structural features of neu-
ronal arbors, such as the number, location, and size of neuronal
connections, so that these features can be tracked over time, is
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a major bottleneck in performing large-scale studies. Accurate,
unbiased, and quantitative tracking of large populations of synaptic
sites remains a challenge (29). This task is especially complex for
axons and their boutons (30). Indeed, current methods of identi-
fying and tracking axonal boutons are still largely manual (30) and
so are prone to be user dependent and nonrigorous. For example,
given the same data set, subtle variations in the analysis criteria for
the manual annotations of dendritic spines can lead to an almost
twofold difference in the estimate of spine turnover (24), and such
differences likely contribute to the controversy about the degree of
spine structural changes in the adult brain (31, 32). To overcome
these limitations, we developed a semiautomated reconstruction
program, the EPBscore (Fig. 1 B-D). Given a fixed set of thresh-
olds, EPBscore automatically tracks EPBs and their intensities
(i.e., sizes) from 2P image stacks. This process is accurate and re-
producible (Materials and Methods). We have validated this ap-
proach in a number of ways: (i) SSEM shows that all (nine of nine)
EPBs identified by EPBscore make synaptic contacts (Fig. 1 E-H);
(if) in vivo measurements of EPBscore volumes correlate with EM
volumes of the same boutons (Fig. 1E); (iii) repeated imaging over
days in the fixed brain shows that noise in the EPBscore mea-
surement is well below the changes measured over days in living
animals (Fig. S7); (iv) the analysis of the same data set by three
different users with EPBscore yields comparable results. We be-
lieve the rigorous assessment of axonal boutons with EPBscore will
be a useful step toward a more standardized description of synaptic
structural plasticity both in vitro and in vivo.

Increased Rates of Axonal Bouton Replacement and Cognitive
Impairment. On-going synaptic structural plasticity in the adult
brain, including large-scale growth/retraction, formation/elimina-
tion, and shrinkage/enlargement, plays a key role in the encoding
of long-term memory and in the functional adjustments to novel
sensory experience (33, 34). Many studies using fixed preparation

Fig. 6. Large boutons in the aged brain form synapses. (A) In vivo 2P
imaging of two large persistent boutons. (Scale bar: 5 pm.) (B) Both boutons
make multiple synaptic contacts, as visible in a single plane of the corre-
spondent EM images, with multiple dendritic spines. (Scale bar: 500 nm.) (C)
3D rendering of the same axon in A. The cytoplasm of the axon is represented
in light blue, mitochondria in green, synaptic vesicles in yellow and synapses
in red. The postsynaptic spiny neurons are shown in grey. Bouton 1 has a total
volume of 2.03 pm3, bouton 2 of 2.35 um?; excluding the space occupied by
mitochondria the volumes are 1.61 and 1.78 pm?>, respectively.
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Fig. 7. TB-rich axons have comparable dynamics in Ag (n = 6) and YA (n = 7) mice. (A) Time series showing TB dynamics in YA (Upper) and Ag (Lower) mice.
Yellow triangles indicate persistent TBs; solid blue triangles indicate TBs that will be lost in the next session; open blue triangles indicate TBs that have been lost;
solid red triangles indicate TBs that have been gained since the previous session; open red triangles indicate the location in the previous session. (Scale bars:
10 pm.) (B) Mean TB density is comparable in YA animals (blue circles) and Ag animals (red circles). P = 0.58. Black markers indicate respective means across mice.
(C) SF is comparable in YA mice (blue circles; n = 7 animals, 692 TBs) and Ag mice (red circles; n = 10 animals, 720 TBs); P = 0.66. (D) ProbDest is comparable in YA
(blue circles; n = 7 axons) and Ag (red circles; n = 10 axons) animals; P = 0.23). (E) TOR is comparable in YA animals (blue circles) and Ag animals (red circles); P =
0.36. (F) Fractions of TB gains are comparable in Ag mice (red circles) and YA mice (blue circles); P = 0.37. (G) Fractions of TB losses are comparable in Ag mice
(red circles) and YA mice (blue circles); P = 0.63. Black markers indicate the mean values across animals in the respective groups.

have shown changes in the size of axonal and dendritic arbors and
in the size and numbers of their synapses with age (e.g., ref. 35, but
also see ref. 36). We find that the cognitive abilities to discriminate
and remember different textures are impaired in Ag animals in the
tactile novel object-recognition test (Fig. 8 and Fig. S9). Because
synaptic structural plasticity generally is associated with increased
memory storage capacity (28, 33), we had hypothesized that re-
duced axonal bouton density and size and/or a decrease in the
plastic properties of presynaptic elements could contribute to ag-
ing-related cognitive decline. By imaging in vivo, we were able to
determine such dynamics in the intact mouse brain and to identify
specific differences in synaptic structural dynamics even if the net
density (Figs. 2B, 3B, and 7B and Fig. S2) and size (Fig. 5 B and C)
of this subset of cortical boutons were not affected by aging.
A general belief is that synaptic plasticity correlates positively with
cognitive performance (10, 37, 38). We find that the destabilization
and TOR of EPBs are elevated in the brain of cognitively impaired
Ag animals (Figs. 3, 4, and 8), suggesting a deleterious effect of
augmented dynamics and instability. Finely tuned synapse forma-
tion and elimination are important for encoding new memories
and motor skills (13, 16). Random appearance of boutons and
selective stabilization in response to new experience could repre-
sent an efficient strategy for memory consolidation. It is possible
that the increased rate of EPB replacement we detect in the Ag
brain (Figs. 3 F-I and 4 E-F) leads to a dysfunction of neural
circuits, preventing normal neuronal processing and memory
formation. This effect would indicate that synapse formation and
elimination rates need to be regulated accurately to allow effi-
cient memory formation and storage. Increased destabilization
of successfully formed synapses may lead to the erasure of suc-
cessfully formed memories. In addition, although small EPBs

Grillo et al.

display high dynamic rates in both age groups, large EPBs are
more affected in the Ag brain (Fig. 4). In the YA brain large EPBs
are remarkably stable, with minimal destabilization and TOR. In
contrast, in the Ag brain large EPBs display 20-fold higher de-
stabilization rates (Fig. 4C) and 10-fold higher TOR (Fig. 4F).
Presumably, some of these preexisting large EPBs are active sites
of release but are more vulnerable and are wrongly selected for
elimination (39).

Increased Rates of Change in Axonal Bouton Size and Cognitive
Impairment. Stabilization of newly formed dendritic spines in re-
sponse to potentiation, novel experience, or learning is associated
with a small increase in the average volume of the spine head both
in vitro (39) and in vivo (40). Current research on the mechanisms
of learning and memory has highlighted the importance of such
stabilization of new spines together with concomitant elimination
of previously existing ones. Much less is known about the contri-
bution of persistent synapses, which are thought to survive
throughout the lifetime of an animal. The increased fluctuations
in the volume of persistent boutons that we report in the aging
brain (Fig. 5) could mask significant experience-dependent and
learning-induced synapse strengthening. A sizeable proportion of
axons in both the Ag (42%) (Fig. 5D) and the YA (58%) brain
show correlated changes in the size of their EPBs, in contrast to
findings of independent changes in the size of spines on L5 cells
(22). Correlated bouton size changes might arise because boutons
form contacts with postsynaptic cells displaying similar tuning
properties (e.g., in the same cortical column), whereas spines
along a dendrite likely make synapses with axons exhibiting dif-
ferent firing patterns.
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Fig. 8. Ag mice have impaired long-term recognition memory. (A) Tactile
version of the object-recognition task. In three sample trials (S1, S2, and S3)
two identical objects are placed in the apparatus. The test trial takes place
24 h later with a novel object. (B and C) Time spent exploring the familiar
(gray bar) and novel (black bar) objects in all trials by (B) YA mice (n = 13, test
mean familiar object exploration = 3.2 + 0.62 s; novel object exploration =
5.4 + 0.99 s5; P = 0.043, two-way ANOVA) and (C) Ag mice (n = 13, test mean
familiar object exploration = 2.9 + 0.76 s; novel object exploration = 3.2 +
0.85 s; P = 0.93; two-way ANOVA). Both Ag and YA mice show adaptation
and tend to explore the objects less. (D) DI for YA mice (blue bar; DI =29.78 +
5.5) and Ag mice (red bar; DI = 3.99 + 6.39); P = 0.005; unpaired t test. *P <
0.05, **P < 0.01.

At the same time, fluctuations in EPB size could decrease the
reliability of synaptic transmission (20), degrading the saliency of
output signals. Long-term rather than short-term changes in syn-
aptic weight may be at the basis of memory encoding (41). Indeed
changes in the volume of spine heads have been measured suc-
cessfully in vivo both in normal (22) and altered (14, 23, 40) sensory-
experience paradigms and can correlate with functional changes.
We find that even over extensive periods of time EPBs undergo
substantial volume fluctuations (Ag 4-d intensity ratio: 42%;
range, 0-618%; YA 4-d intensity ratio, 36%; range, 0-383%)
comparable to those in dendritic spines in vivo (14, 22) and in vitro
(42). Spatial and temporal coordination of the fluctuation in EPB
volume may drive significant alterations in network function.
Thus, structural changes in persistent synapses, in addition to
synapse replacement, may be involved in long-term memory. The
increased change in average volume we report (Fig. 5 E and F)
also could help explain why the induction (43) and maintenance
(44) of long-term potentiation are impaired in Ag rats and mice
(45). We anticipate that increased axonal bouton instability occurs
in other brain areas whose function is affected during aging or
disease. Taken together, these alterations in synaptic dynamics
may lead to a disruption in the precise spatiotemporal activation
of specific circuits (39).

Mechanisms for Heightened Axonal Bouton Plasticity in the Ag Brain.
Aging affects different neuronal subsets and presynaptic elements
differently. EPBs on L.2/3/5 and thalamocortical axons are targeted
selectively (Figs. 3-5), whereas L6 TB dynamics (Fig. 7) and large-
scale structural remodeling of axonal arbors (Fig. 2) are not
affected by the aging process. This selectivity is consistent with
previous findings of layer-specific [olfactory bulb (46)] or neuron-
specific [retina (35)] effects of aging. We speculate that these
effects might be controlled by synaptic activity, because large (i.e.,
strong) EPBs might “wear out” with age to a greater extent than
smaller (i.e., weaker) TBs. Circuit-specific defects in calcium
buffer capacity in the Ag brain (3) may lead to increases in calcium
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levels, which in turn may lead to increased axonal bouton in-
stability. In parallel, progressive hypofunctionality of inhibitory
networks (47) could disrupt the balance between excitation and
inhibition, leading to hyperexcitability and uncontrolled EPB
plasticity in excitatory circuits (3, 48).

Previous in vitro work has shown that presynaptic bouton vol-
umes (but not spine volumes) are highly affected by the presence or
absence of their synaptic partner (49), suggesting that dendritic
spines also may undergo higher structural remodeling in the Ag
brain. Furthermore, because the size of the active zone correlates
with the reliability of synaptic transmission (20), and synaptic
vesicles are exchanged at high rates between neighboring EPBs
along the axon in an activity-dependent manner (50), it is plausible
that a combination of the aforementioned mechanisms could con-
tribute to the increased rate of fluctuations in the size of Ag cortical
EPBs (Fig. 5).

In the future it will be interesting to discover the molecular
mechanisms that lead to the circuit-specific increases in synaptic
structural dynamics that we report here. This knowledge may lead
to strategies to counteract the degraded cognitive functions and
noisy processing which accompany aging (51).

Materials and Methods

Animals. Male animals of two age groups with the same genetic background
(C57BL/6) were used: YA (4-6 mo) and Ag (22-24 mo). These groups com-
prised two lines of GFP-expressing animals: (i) Thy 1-GFP-M (27) (cytosolic GFP
expression) (YA group: n = 15, 8 for the entire 24-d period; Ag group: n = 14,
7 for the entire 24-d period) to track EPBs and an initial subset of TBs, and (ii)
Thy1-GFP-L15 (52) (membrane-bound GFP expression) (YA group: n = 6; Ag
group: n =7, imaged for 20 d), which enables more efficient tracking of TBs
(26). Mice were housed in groups of two to four littermates, in standard
individually ventilated cages, and were maintained in a 12-h light-dark cycle
with access to food and water ad libitum. A long-term maintenance diet
(R0O5-10; Scientific Animal Food and Engineering) was used to limit obesity in
both age groups. All experiments were conducted by researchers holding
a UK project license and in accordance with the Animals (Scientific Proce-
dures) Act 1986 (United Kingdom) and associated guidelines.

Surgery. Cranial windows were surgically implanted overlying the barrel cortex
according to previously described methods (24). Briefly mice were anes-
thetized with a ketamine-xylazine i.p. injection (0.083 mg/g ketamine, 0.0078
mg/g xylazine). The animals then were administered i.m. dexamethasone
(0.02 mL at 4 mg/mL) to limit inflammation response and s.c. bupivacaine
(1 mg/kg), a local anesthetic. Once the skull was exposed, a few drops of li-
docaine [1% (wt/vol) solution] were applied on its surface. The glass coverslip
that seals the window was placed directly over the dura and the bone edges,
with no agarose in between, and was sealed with dental cement. Mice were
allowed to recover for 15 d before the start of the imaging protocol.

In Vivo Imaging. A Prairie 2P microscope equipped with a tunable Coherent Ti:
Sapphire laser and PrairieView acquisition software was used for in vivo im-
aging experiments as described in ref. 26. Mice were anesthetized with an i.p.
injection of ketamine-xylazine (0.083 mg/g ketamine, 0.0078 mg/g xylazine)
and were secured to a fixed support under the microscope. The eyes were
coated with Lacri-Lube (Allergan) to prevent dehydration, and an underlying
heat pad was used to maintain body temperature (37 °C). Depth of anes-
thesia was monitored closely. An Olympus 4x lens with a 0.13 numerical
aperture (NA) was used to identify characteristic blood vessel patterns and
to relocate previously imaged areas of the cortical neuropil reliably. An
Olympus 40x 0.80 NA water-immersion objective was used to acquire the
images (75.3 x 75.3 pm field of view, 512 x 512 pixels). A pulsed 910-nm laser
beam was used, never exceeding 70 mW on the back focal plane. Each im-
aging session typically lasted for 60 min, during which time up to 40 image
stacks (1-um step size) were collected. Axons were followed as long as the
image quality and the density of GFP processes allowed; areas devoid of
boutons were included in imaging to avoid sampling biases.

Several lines of evidence suggest that the effects of age on synaptic dy-
namics that we show in this study are not caused by the craniotomy or
phototoxicity as a result of our imaging conditions. (/) The rate of synapse
formation and elimination does not increase with subsequent imaging ses-
sions postsurgery (i.e., is constant over time) (Fig. S5). (i) The rate of change
in size is constant on individual axons over time in the Ag brain (Fig. 5H). (iii)
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Other morphological parameters, such as the density (Fig. S2) and size (Fig.
5D) of cortical boutons, also are mostly constant over time. (iv) Axonal arbors
continue to remodel at the same rate as in YA (Fig. 2). (v) We find increased
dynamics of EPBs (Figs. 3 and 4) but not of TBs (Fig. 7) which one would
not expect if our surgery or imaging conditions caused synaptic structural
changes in cortical circuitry. (vi) Finally, reactive astrocytes, whose number
increases transiently after cranial window surgery (24) and correlates
with structural changes of spines (53), are not up-regulated in the op-
erated Ag brain as compared with the YA brain at the time of 2P imaging
(25-35 d postsurgery) (Fig. S10).

Behavior. The tactile novel object-recognition task used was based on the
standard visual novel object-recognition task as described in ref. 54. It is
known that rodents can learn to discriminate different textures using their
vibrissae. The experiments were carried out in a 35 x 45 x 40 cm open-field
(OF) apparatus with opaque walls. Two categories of objects with the same
shape and color were used, differing only by surface kind: rough or smooth.
The objects were custom made using 60-mL sample cylinders covered with
either rough (coarse P80) or smooth (super-fine P1000) sandpaper. Animals
were allowed to acclimatize for at least 1 h before the start of the protocol.
On day 1 the animals were placed individually in the OF for a 5-min famil-
iarization trial with no objects. Subsequently, they underwent three sample
trials, each lasting 6 min, with two identical objects in the OF. All trials were
separated by a 3-min intertrial period. Twenty-four hours later the animals
underwent the test trial (6 min) with two new objects: a familiar object
identical to the sample objects and a novel object. To reduce bias, the rough
and smooth objects were used equally and alternately as the novel or fa-
miliar object. A group of YA mice had all whiskers trimmed bilaterally to the
skin on day 1 (Fig. S9). In the 1-h latency version, Ag animals were tested 1 h
after the sample trials had ended. Animals were tracked using an infrared
CCD camera above the OF and with the aid of AnyMaze software. Explo-
ration time was scored counting only the time that the mouse’s nose was in
contact with the object and not considering the time when the animal had
its paws on the object or when it climbed on the object. All trials were
conducted in the dark to avoid visual recognition. The DI was calculated as
DI = [(novel exploration time/total exploration time) — (familiar exploration
time/total exploration time)] x 100.

SSEM and FIBSEM. SSEM was performed as in ref. 26. We reconstructed nine
EPBs, which had been imaged previously in vivo using the same imaging
conditions. 3D reconstructions of axon segments and boutons were made
from electron micrographs using TrakEM2, an ImagelJ plugin for morpho-
logical data mining and 3D modeling. Elements of interest—axons, boutons,
mitochondria, and spines contacting labeled boutons—were segmented on
each section, and the volumes of each bouton and corresponding mito-
chondria were calculated. The volumes of each bouton, measured with Tra-
KEM2 (in cubic micromillimeters) and with EPBscore (in backbone units), were
calculated and plotted against each other including and excluding the volume
of mitochondria (Fig. 1E). The 3D structure of the reconstructed axon and
boutons (Fig. 1H) was created with Blender software (www.blender.org). In
a different set of experiments, we confirmed that synaptic boutons in the Ag
cortex have normal ultrastructure. For the reconstruction in Fig. 6 the FIBSEM
technique was used (55). Briefly: the mouse was perfused immediately after
in vivo imaging with a 2.5% (vol/vol) glutaraldehyde and 2% (wt/vol)
paraformaldehyde in PBS. 60 um thick slices were obtained containing the
in vivo imaged boutons. The region of interest was branded using line scans,
as described previously (56). The laser marks were then used as fiducial points
to locate the boutons for imaging in the FIBSEM (NVision 40 FIBSEM, Zeiss
NTS). The final image series was analysed in the Fiji software package (http:/
fiji.sc/wiki/index.php/Fiji). Labeled axons were manually segmented using the
TrakEM2 program (Fiji software package). The reconstructed model was
rendered in the Blender software (version 2.57; Blender Foundation, http:/
www.blender.org).

Immunohistochemistry. YA and Ag animals with a cranial window were
transcardially perfused with a 4% PFA solution between 25 and 35 d post-
surgery. Fixed brains were processed for immunohistochemistry using stan-
dard protocols. Briefly, brains were immersed in 30% (wt/vol) sucrose in PBS
overnight. Then 20-um frozen coronal sections were cut and mounted on
glass slides. The sections were washed three times for 5 min each washing in
PBS and were incubated overnight at 21 °C with the primary antibody solution
(Triton-X 0.1% and Azide 0.01% in PBS). Sections then were washed three
times for 5 min each in PBS and were incubated for 2 h in the dark with the
secondary antibody solution (Triton-X 0.1% and Azide 0.01% in PBS). Sec-
tions were washed three times for 5 min in PBS and were mounted with
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Vectashield and DAPI. The primary antibody was rabbit anti-GFAP (1:1,000)
(DakoCytomation); the secondary antibody was cy3.5 anti-rabbit (1:500)
(Genetex). Images (1,024 x 1,024 pixels) were acquired with a confocal SP5
(Leica) using a 20x lens at zoom factor 2. DAPI-identified nuclei that colo-
calized with the GFAP signal were counted as astrocytes and were quantified
with CellProfiler (the Broad Institute, www.cellprofiler.org).

Data Analysis and Statistics. In vivo 2P images were processed routinely using
custom-made software in MATLAB (Mathworks). TB-rich axons were traced
manually and correlated between sessions using the spine analysis software
as in ref. 24. EPB-rich axons were analyzed using EPBscore.

Briefly, 16-bit images are median filtered and saved. The resulting image is
segmented with an adjustable threshold. Processes are traced in 3D, and an
axon intensity profile is generated. The median intensity value of all pixels
along the axon profile is set as the axonal backbone estimation. Peaks in the
axon profile are scored as boutons and measured as backbone units of in-
tensity. Fiducial points are chosen by the operator to align regions of interest
over successive sessions to correlate boutons over time. The output is given in
a Microsoft Excel format for further analysis. Axon length was confirmed
using the NeuronlJ plugin for ImagelJ. Figures were prepared using Microsoft
Office Suite and Adobe lllustrator.

To study synaptic rearrangements in vivo in the Ag brain, we focused on
two populations of axonal boutons in L1-3 of the somatosensory cortex:
(i) EPBs, which mainly form axospinous synapses and are relatively stable in
the adult brain (26), and (ii) TBs, which form both axospinous and axoden-
dritic synapses (57) and are known to be highly dynamic in the adult brain
(26). Destabilization was measured by calculating the probability of de-
stabilization (ProbDest = total number boutons present between days 0-8
and then lost divided by the total number present between days 0-8). Sta-
bilization was calculated as the number of newly formed EPBs in the first
16 d of imaging that were present until the end of imaging (24 d), divided by
the total number of EPBs newly formed in the first 16 d. Persistence was
calculated as the number of newly formed EPBs that persist for at least 8 d
after their appearance, divided by the total number of newly formed
boutons. TOR between two imaging sessions, a and b, is defined as (nG +
nL)/2N, where nG and nL are the numbers of bouton gains and losses re-
spectively, and N is the total number of boutons in session a.

EPBs were analyzed with EPBscore. To be included in the analysis, EPBs had
to be at least two times brighter than the backbone in at least one session,
based on SSEM reconstruction which showed that the smallest EPB that
formed a structurally complete synapse was 1.92 times backbone intensity.
EPBs had to be present in at least two consecutive imaging sessions at any
point during 24 d to be included in the analysis. Using less conservative
criteria, which may lead to an overestimation of axonal bouton dynamics, we
find a similar difference in the fraction of EPB gain and loss between YA and
Ag brains (Fig. S4). The same was true for other measurements of axonal
bouton dynamics, suggesting that our conclusions are independent of EPB
scoring criteria. The intensity values over time were exported to Excel
(Microsoft) and were postprocessed using MATLAB scripts.

We computed the intensity ratio over consecutive sessions as a measure of
volume change (Fig. S6). The absolute intensity ratio was calculated as exp
[abs(log,-logp)] (i.e., always the largest intensity value divided by the lowest,
regardless of temporal sequence), where log is the natural logarithm of
intensity a and b, which are the values of normalized intensity in consecutive
sessions. If a = b, then the intensity ratio = 1. We assessed the noise level of
this estimate of volume change by imaging EPBs in the brains fixed with 4%
paraformaldehyde over a 4-d period and using the same analysis criteria
used for the in vivo experiments (Fig. S7). We defined EPBs as “small” or
“large” (Fig. 4 B-F) if their relative size fell in the bottom third or top
third of the size distribution, respectively. Values for YA were 2.0-3.6 times
backbone for small EPBs and >5.9 times backbone for large EPBs; values for
Ag were 2.0-3.2 times backbone for small EPBs and >5.4 times backbone for
large EPBs. The results in Fig. 4 did not change when the same size criterion
was used for both age groups (i.e., large EPB size >5.6 times backbone). For
large EPBs: YA TOR = 0.0017 + 0.001, Ag TOR = 0.022 + 0.005; P = 0.0002; YA
ProbDest = 0.02 + 0.05, Ag ProbDest = 0.17 + 0.05; P = 0.003.

TBs (1-5 microns) were annotated and scored as stable, lost, or gained
according to stringent criteria based on refs. 24 and 26). TBs had to be longer
than 1 pm in at least one imaging session. Conversions from TB to EPB were
not scored as gains or losses.

Branches (side protrusions >5 pm) were considered dynamic if they
met one of two previously published criteria based on estimation of
noise level (26):
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i) The largest elongation or retraction event was two times greater than the
largest change in the noise measurement (2 * 3 pm = 6 pm).

ii) The average absolute length change was larger than three times the rms
(o,) of the mean displacement (x) of two fiducial points (3 * 6, = 1.6 pm).

All statistical analysis was performed either in the MATLAB suite or Microsoft
Excel. For the behavior, a two-way ANOVA analysis was used within groups (YA or
Ag), and a two-tail unpaired t test was used between groups. All branch and
bouton measurements were tested using the Wilcoxon rank sum test for non-
parametric data except for bouton survival curves, for which a log rank test was
used. Stability over time was tested with ANOVA. A correlation matrix was used to
correlate variables in Fig. S8 (TOR, intensity ratio, ProbDest). Pearson'’s correlation
was used for comparing TOR and intensity ratio on a larger dataset of 44 axons
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imaged for 8 d (Fig. S8) and for Fig. S6. Unless stated otherwise, all measurements
are given as mean + SEM. Results were considered significant when P < 0.05.
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Fig. S1. Montage of two representative axonal arbors in aged (Ag) (4) and young adult (YA) (B) animals. (Scale bar: 50 pm.)
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Fig. S2. Densities of en passant boutons (EPBs) (A) and terminaux boutons (TBs) (B) are constant over time in both Ag and YA mice. (A) Mean EPB density over
time in YA mice (blue lines; n = 9 mice, 15 axons) and Ag mice (red lines, n = 7 mice, 16 axons). Dashed lines represent the means of the two age groups.
Although the two groups show different EPB dynamics, the bouton density across animals is constant in both YA mice (0.069 + 0.009 EPB per micrometer;
P =0.99; ANOVA) and Ag mice (0.058 + 0.005 EPB per micrometer; P = 0.92; ANOVA). (B) Mean TB density over time in YA mice (blue lines; n = 6 mice, 7 axons)
and Ag mice (red lines; n = 7 mice, 10 axons). Dashed lines represent the means across animals. TB density is constant over time in YA mice (0.17 + 0.013 TB per
micrometer; P = 0.99; ANOVA) and Ag mice (0.14 + 0.009 TB per micrometer; P = 0.98; ANOVA).

Grillo et al. www.pnas.org/cgi/content/short/1218731110 10f7


www.pnas.org/cgi/content/short/1218731110

0.8

0.6

Ay

>

o o

» oo -

O
o

Cgo O

&b o

04{ o o
& 024 ©

0 0

Fig. $3. Stabilization and persistence rates of newly formed EPBs are similar in the YA (n = 8 animals) and Ag (n = 7 animals) age groups. (A) Stabilization rate.
YA: 0.35 + 0.05; Ag: 0.30 + 0.05; P = 0.52. (B) Persistence rate. YA: 0.57 + 0.08; Ag: 0.55 + 0.05; P = 0.67.
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Fig. S4. Increased fractions of gained and lost EPBs in Ag mice do not depend on the threshold used to score EPBs. (A and B) The requirement that EPBs be
present for two consecutive sessions to be included in the calculations (the conservative criterion used in this study) may lead to underestimation of the
turnover rate (TOR). (C and D) The inclusion of all EPBs, even if they were present in only one imaging session, may result in an overestimation of TOR. (A)
Fraction of EPB gain = n gains/n EPBs, using the conservative criterion mentioned above. YA (blue circles; n = 13 animals): 0.04 + 0.005; Ag (red circles; n = 14
animals): 0.08 + 0.006; P = 0.0002. (B) Fraction of EPB loss = n losses/n EPBs, conservative criterion. YA (blue circles; n = 13 animals): 0.03 + 0.006; Ag (red circles;
n = 14 animals): 0.06 + 0.007; P = 0.009. Black markers represent average values in all groups. (C) Fraction of EPB gain = n gains/n EPBs, all EPBs considered. YA
(blue circles; n =13 animals): 0.08 + 0.01; Ag (red circles; n = 14 animals): 0.13 + 0.01; P = 0.019. (D) Fraction of EPB loss = n losses/n EPBs, all EPBs considered. YA:
0.08 + 0.002; Ag: 0.011 + 0.009; P = 0.02. Black markers represent average values in all groups.
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Fig. S5. The rate of EPB TOR is stable over time for Ag and YA animals. YA (blue line; n = 8 mice) average TOR over all sessions: 0.074 + 0.013; P = 0.88;
ANOVA. Ag (red line; n = 7 mice) average TOR over all sessions: 0.136 + 0.009; P = 0.67; ANOVA.
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Fig. S6. Mean bouton size is proportional to the mean difference in absolute intensity (A and B) but not to the mean intensity ratio (C and D). Data consist of
1,082 EPBs, YA mice (A and C) and 1,588 EPBs, Ag mice (B and D). (A and B) Mean bouton size on day 4 correlates positively with the average absolute
difference of intensities across sessions (days 4-8). YA: R = 0.46; P = 0.0012. Ag: R = 0.63; P < 0.001. (C and D) Intensity ratio does not correlate with the size of
EPBs. YA:R=-0.013; P=0.69. Ag: R =0.006; P = 0.75. To avoid biases caused by EPB size, we have used the intensity ratio for our analysis of changes in EPB size
in vivo (Fig. 5). Error bars indicate SD.

Grillo et al. www.pnas.org/cgi/content/short/1218731110 30f7


www.pnas.org/cgi/content/short/1218731110

EPB volume change noise

L T
>

1.4
.0
©
X 13
P
‘»
c
8 12| .
£
pd E
° 11
»n
Ke]
<
4d In vivo In vivo 4d In
fixed sec min Vivo
B o1 EPB turn over noise

0.08

x 0.06
O

0.04

0.02

= B

4d fixed In vivo In vivo 4d In
sec min Vivo

Fig. S7. Control imaging experiment to evaluate minimum noise levels in the intensity ratio (A) and TOR (B) measurements. (A) Estimate of EPB intensity ratio
noise. We imaged EPBs in conditions that should not allow biologically relevant changes in size and compared the results with our 4-d in vivo interval. The gray
bar shows the mean intensity ratio of EPBs imaged with a 4-d interval in whole-mount fixed brains (n = 4 animals, 341 EPBs), intensity ratio = 1.13 + 0.008. This
variation in the intensity/size ratio could be caused by changing imaging conditions, sample bleaching, or differences in the orientation of the brain. Blue bars
show mean in vivo imaging values with darker shades of blue indicating longer intervals. In vivo per-second images typically were acquired twice 30 s apart (n =
3 animals, 122 EPBs); intensity ratio = 1.09 + 0.007. In this case the changes in the intensity/size ratio could be caused by movement artifacts. In vivo per-minute
images were acquired 10-min apart (n = 3 animals, 114 EPBs); intensity ratio = 1.11 + 0.009. The slight increase in the change of the intensity/size ratio
compared with per-seconds imaging could be caused by very fast biological changes or by increased movement. In vivo imaging over 4 d was performed as in
Fig. 5E. YA intensity ratio = 1.36 + 0.01. (B) Estimation of EPB TOR noise. Noise in the TOR measurements could be caused by minimal fluctuations (nearly at the
threshold levels for detection) in bouton intensity. Using the data in A, we calculated the respective TORs, For 4-d fixed brain imaging, TOR = 0.008 + 0.003; for
in vivo per-seconds imaging, TOR = 0.015 + 0.02; for in vivo per-minutes imaging, TOR = 0.03 + 0.03; for 4-d in vivo imaging, TOR = 0.08 + 0.009.
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Fig. 8. Correlation of EPB TOR, probability of destabilization (ProbDest), and intensity ratio on individual axons (circles) in Ag mice. Fifteen axons were
imaged for the 24-d period. For these axons, the correlation coefficients and P values were calculated with the correlation matrix method. (A) TOR vs. ProbDest,

R =0.47; P=0.08. (B) ProbDest vs. intensity ratio, R = 0.4; P = 0.14. (C) TOR vs. intensity ratio, considering the 15 common axons in the matrix; R = 0.44; P=0.1.
Considering all axons imaged for 8 d (n = 44): R = 0.41; P = 0.003; Pearson’s linear correlation.
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Fig. S9. Tactile object-recognition task. (A and B) Ag animals show memory retention in a short-term version of the tactile object-recognition task. (4) Ag
animals (n = 11) recognize the novel object when the test trial takes place 1 h after the sample trials: mean novel object exploration time = 8.76 + 2.1 s; mean
familiar object exploration time = 3.2 + 0.7 5, P = 0.049, two-way ANOVA. (B) The discrimination index (DI) is significantly higher for Ag animals in the 1-h
latency test than in the 24-h latency test. Using the data in Fig. 8, DI Ag 1 h = 37.4 + 8.5, and DI Ag 24 h = 3.99 + 6.4; P = 0.005; unpaired t test. (C and D)
Whiskers are essential to perform this task. (C) YA mice (n = 13) that had all their whiskers trimmed on day 1 before the sample period spent an equal amount
of time exploring the novel and familiar objects 24 h after the sample trials. Mean novel object exploration time = 3.06 + 0.62 s; mean familiar object ex-
ploration time = 3.75 + 0.84 s; P = 0.58; two-way ANOVA. (D) The DI is significantly lower for the whisker-trimmed (WT) animals (-8.7 + 6.3) than for age-
matched untrimmed YA mice (29.78 + 5.5); P = 0.0001; unpaired t test. Data are as in Fig. 8. *P < 0.05, **P < 0.01, ***P < 0.001.

Grillo et al. www.pnas.org/cgi/content/short/1218731110 6 of 7


www.pnas.org/cgi/content/short/1218731110

A Young Adult Aged

B 400 -

€ 300

£

2

3 200 A

o

%

& 100 4
0 +

IP CN IP CN
Young Adult  Aged

Fig. $10. Astrocytes are not up-regulated under the cranial window in the operated Ag animals as compared with YAs. (A) GFAP Immunohistochemistry at
| time of two-photon imaging (25-35 d postsurgery). (Scale bars, 50 pm.) (B) Quantification of immunohistochemistry. Results for ipsilateral (IP) and contralateral
s (CN) regions of interest are shown as mean cell count per square millimeter. YA (n = 3 animals, 24 regions of interest): IP = 276.8 + 63.1 cells per square
millimeter; CN = 200.2 + 53.9 cells per square millimeter; P = 0.41, unpaired t test. Ag (n = 4 animals, 28 regions of interest): IP = 253.7 + 83.9 cells per square

millimeter; CN = 180 + 47 cells per square millimeter, P = 0.47; unpaired t test. Ag vs. YA IP, P = 0.84; Ag vs. YA CN, P = 0.79; unpaired t test.
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