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Impairments in synaptic connectivity have been linked to cognitive deficits in age-related neurode-
generative disorders and healthy aging. However, the anatomical and structural bases of these impair-
ments have not been identified yet. A hallmark of neural plasticity in young adults is short-term synaptic
rearrangement, yet aged animals already display higher synaptic turnover rates at the baseline. Using
two-photon excitation (2PE) microscopy, we explored if this elevated turnover alters the aged brain’s
response to plasticity. Following a sensory-evoked plasticity protocol involving whisker stimulation, aged
mice display reduced spine dynamics (gain, loss, and turnover), decreased spine clustering, and lower
spine stability when compared to young adult mice. These results suggest a deficiency of the cortical
neurons of aged mice to structurally incorporate new sensory experiences, in the form of clustered, long-
lasting synapses, into already existing cortical circuits. This research provides the first evidence linking
experience-dependent plasticity with in vivo spine dynamics in the aged brain and supports a model of
both reduced synaptic plasticity and reduced synaptic tenacity in the aged somatosensory system.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Increasing age is linked with several sensory deficits including
elevated thresholds for stimulus detection and discrimination
(Patel and Larson, 2009; Thornbury and Mistretta, 1981) and
decreased somatosensory gating (Spooner et al., 2018) even in the
absence of overt neuropathological changes. An overarching hy-
pothesis within the aging field is that neural plasticity is compro-
mised (for reviews, see Foster, 1999; Burke and Barnes, 2006;
Greenwood, 2007), resulting in diminished aptitude for learning
and flexibility in the aged brain and leading to age-related cognitive
impairment. However, the anatomical substrate of this diminished
plasticity is unclear, and how this age-related deficit shapes the
response to sensory experience remains unknown.

One likely target modified during aging is the postsynaptic
dendritic spine, a small protrusion from the dendritic shaft of
acology, Tulane University
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neurons. These spines receive themajority of excitatory input in the
brain; therefore, their arrangements and structural dynamics are
canonically usedasproxy for excitatory synapse function (Harris and
Stevens, 1989; Wilbrecht et al., 2010). Changes involving spine
number, stability, and structure can indicate pathological changes in
the cortex (Bloss et al., 2013; Spires-Jones et al., 2007; Sweet et al.,
2009). Equally importantly, the same changes to spines can also
serve as an anatomical indexof experience and learning, as has been
shown in the primary somatosensory cortex where pyramidal
neurons commonly receive both local (Hooks et al., 2011) and long-
range input fromseveral areas including theventral posteriormedial
and posterior medial nuclei of the thalamus (Constantinople and
Bruno, 2013; Gambino et al., 2014; Mease et al., 2016b,a; Williams
and Holtmaat, 2019; Zhang and Bruno, 2019), the secondary so-
matosensory cortex (Cauller et al., 1998), and the primary motor
cortex (Lee et al., 2013; Petreanu et al., 2012, 2009; Veinante and
Deschênes, 2003). Furthermore, spatial distribution of spines along
the dendritic shaft is not random: spine clustering is emerging as a
higher-order organizational arrangement of synaptic contacts given
that it may allow for nonlinear summation of synaptic inputs
(Larkum and Nevian, 2008) and facilitate cross-talk between
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synapses after induction of LTP (Harvey and Svoboda, 2007). An
impaired plasticity hypothesis of aging predicts that the structural
plasticity in S1of youngadultmice thatoccurs in response to sensory
stimulation should be reduced or absent in agedmice exposed to the
identical stimulation. Very few studies have explored in vivo spine
dynamics in the context of aging, and no studies to date have
explored the impact of aging on in vivo experience-dependent
structural plasticity at the level of the dendritic spines.

In this study, we use in vivo 2PE laser scanning microscopy to
track the dynamics of spines over a period of as many as 46 days
before, during, and after whisker stimulation in young and aged
mice to identify the extent to which aging impacts the ability of
sensory inputs to modify spine dynamics and clustering. We hy-
pothesize that elevated steady-state spine turnover in aged ani-
mals (Mostany et al., 2013) is linked with decreased structural
plasticity after sensory stimulation. In young adult mice, whisker
stimulation evokes a rapid and short-term but robust increase in
spine dynamics that then falls back to steady-state levels. In aged
mice, whisker stimulation results in a long-lived decrease in spine
dynamics that is smaller in magnitude and detectable only after
multiple sessions of sensory stimulation. Although the decrease in
spine dynamics could be interpreted as a form of synaptic stabi-
lization for aged mice, they show no improvements in the stability
of individual spines and a decrease in spine clustering, an indi-
cator of synaptic strengthening. Thus, although sensory stimula-
tion produces a decrease in synaptic fluctuation for aged mice, this
effect does not improve spine persistence or rearrangement
associated with long-lasting memories. Together, these data sup-
port a model of steady-state synaptic instability in aged mice
leading to suboptimal incorporation of sensory experience.
2. Methods

2.1. Animals

Thy1-eGFP-M mice (The Jackson Laboratory, 007788, Tg (Thy1-
EGFP)MJrs/J; RRID:IMSR_JAX:007788; Feng et al., 2000), aged
3e5months (young adult) and 18e21months (aged), were used for
experiments. Only male mice were used in this study, as it was
recently reported (Alexander et al., 2018) that the estrous cycle may
have effects on sensory-evoked plasticity. Food and water were
provided ad libitum and mice were group-housed under a 12-hour
light/dark cycle. All procedures were approved by the Tulane Uni-
versity Institutional Care and Use Committee and were performed
in accordance with the NIH Office of Laboratory Animal Welfare’s
Public Health Service Policy on Humane Care and Use of Laboratory
Animals and Guide for the Care and Use of Laboratory Animals.
2.2. Cranial window surgery

Cranial window surgery was performed as previously described
(Holtmaat et al., 2009; Mostany et al., 2013; Mostany and Portera-
Cailliau, 2008). Mice were anesthetized with isoflurane (5.0% for
induction, 1.5%e1.7% for maintenance) and given subcutaneous
injections of carprofen (5.0 mg/kg; Zoetis Inc) and dexamethasone
(0.2mg/kg;MWI) to prevent brain swelling and inflammation.Mice
were placed in a stereotaxic frame, and a 4 mm craniotomy was
performed with a pneumatic dental drill over the barrel field of the
primary somatosensory cortex (S1BF), centered at 3 mm lateral to
the midline and 1.95 mm caudal to bregma. A 5 mm glass coverslip
(#1; Electron Microscopy Sciences) was placed over the intact dura
and secured with cyanoacrylate glue and dental acrylic (Lang
Dental Mfg. Co, Inc) to the skull. A custom-made titanium bar (9.5�
3.2 � 1.1 mm) was cemented within the dental acrylic for fixing the
mouse to the microscope’s stage. A 2- to 3-week recovery time was
allowed before imaging.

2.3. Intrinsic optical signal imaging

Mice were anesthetized with isoflurane (5.0% for induction, 1.0%
for imaging) and secured to a custom-built intrinsic optical signal
(IOS) microscope using the titanium bar. Imaging was done as
described previously (Alexander et al., 2018; Johnston et al., 2013)
through the cranial window preparation. An image of the vascu-
lature was taken for reference under a green (535 nm) LED array,
and the focus was placed 250e350 mm below the dura for the im-
aging. IOSs from S1BF were taken under 2 arrays of red (630 nm)
LEDs using a fast camera (Pantera 1M60; Dalsa), frame grabber (64
Xcelera-CL PX4; Dalsa), and custom-written MATLAB (MathWorks;
RRID: SCR_001622) routines while the whiskers were bundled and
attached with dental wax to a glass capillary tube controlled by a
piezo bender actuator (Physik Instrumente). Imaging sessions
consisted of 30 trials of whisker stimulation for 1.5 seconds in the
rostrocaudal direction at 10 Hz with 20-second breaks. Frames
0.9 seconds before onset of stimulation (baseline) and 1.5 seconds
after stimulation (response) were collected. The response signal
from each stimulation was divided by the baseline signal and
summed to obtain the signal map. An outline of the IOS map was
placed over the image of the vasculature to identify the activated
cortical area. At the start of the chronic 2PE imaging, cells were
chosen from within this activity map.

2.4. Chronic in vivo 2PE imaging

Mice were anesthetized with isoflurane (5.0% for induction,
1.0%e1.5% for imaging) and secured to a custom-built 2PE micro-
scope using the titanium bar. Dendritic spine imaging (Alexander
et al., 2018; Mostany et al., 2010, 2013) was done using a Ti:sap-
phire laser (Chameleon Ultra II; Coherent) tuned to 910 nm, a
40� 0.8 NA water-immersion objective (Olympus), and ScanImage
software (RRID: SCR_014307; Pologruto et al., 2003) written in
MATLAB. A reticle within the ocular of the microscope was used to
identify the point of originwithin the vascular map using both a 4�
and 40� objective, after which the locations of individual dendritic
fragments for a cell of interest were recorded using a coordinate
system and micromanipulator controller (Sutter Instrument). Layer
5 (L5) pyramidal neurons were verified by a cell body depth of
400e700 mm below the dura. A selection of 5e8 dendritic frag-
ments of the apical tuft were imaged chronically. High-
magnification image stacks (0.14 � 0.15 mm/pixel; 1.5 mm apart)
were collected for the analysis of dendritic spines. Imaged frag-
ments were located within layer 1 (L1) and found at depths of
15e115 mm below the pia (average depth ¼ �48.0 � 2.0 mm, young
adult; �51.0� 3.0 mm, aged, branch order is estimated�4th). These
fragments were imaged chronically over imaging intervals of either
4 days (9 sessions total; 3 sessions before stimulation: �d8, �d4,
d0; 3 sessions after stimulation: þd4, þd8, þd12; 3 sessions
occurring 1 month after stimulation: þd30, þd34, þd38) or
24 hours (11 sessions total: 3 sessions before stimulation:�d2,�d1,
d0; 4 throughout stimulation, þd1, þd2, þd3, þd4; 4 sessions after
stimulation, þd5, þd6, þd7, þd8).

2.5. Whisker stimulation

Mice were anesthetized with isoflurane (5.0% for induction,
< 1.0% during stimulation) and secured to a platform using the ti-
tanium bar. Whiskers were bundled and attached to a piezo bender
actuator,whichoscillated rostrocaudallyat 8Hz (Carvell andSimons,
1990) continuously for 10minutes. The stimulation (Alexander et al.,
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2018) was modeled after a previous study demonstrating physio-
logical long-term plasticity via epicranial recordings in S1
(Megevandet al., 2009) anda similar adaptation recently linkedwith
long-term potentiation (Gambino et al., 2014; Williams and
Holtmaat, 2019) of pyramidal neurons within layer 2/3 of S1 using
a whole-cell configuration. Stimulation was performed within 24 �
1 hour for 4 consecutive days, on d0 (immediately after the imaging
session), þd1, þd2, and þd3 within both the 4-day and 24-hour
interval experimental timelines. For the 4d-interval experiment,
we added a third group of micedfaux stimulation groupdthat is,
young adult mice inwhich 2 piezoelectric actuators were used: one
nonoscillating actuator, attached to the whiskers for the same time
periods and duration, and a second unattached piezoelectric actu-
ator situated 2 inches lateral and oscillated at the appropriate 8 Hz
frequency to control for effects of extraneous sensory effects (e.g.,
vibration, noise) associated with the piezoelectric actuator.

2.6. Analysis

2.6.1. Spine dynamics analysis
Dendritic spine density and dynamics were determined from

stacks of 2-D 2PE images using routines within ScanImage software
(kindly provided by the Svoboda laboratory, Janelia Research
Campus) written in MATLAB. All visible spines projecting 1/3 or
beyond the cross-section of the adjacent dendritic shaft were
manually scored, including those on the z-axis clearly protruding
beyond the noise of the dendritic shaft. A minimum of 3 different
dendritic fragments (regions of interest) and 100 identifiable spines
were required for each cell; all cells not meeting these criteria were
excluded from analysis. For the 4-day imaging interval timeline
ending on þd12, we analyzed dendritic spines from n ¼ 18 cells
(fromN¼ 10 young adult mice), n¼ 20 cells (fromN¼ 9 agedmice),
and n¼ 6 cells (fromN¼ 6 young adult micewith faux stimulation).
In an additional subset of mice (n¼ 10 cells [fromN¼ 6 young adult
mice] and n ¼ 14 cells [from N ¼ 6 aged mice]), imaging was
extended to include þd30, þd34, and þd38. For the 24-hour im-
aging timeline, we analyzed dendritic spines from n¼ 12 cells (from
N ¼ 6 young adult mice) and n ¼ 12 cells (from N ¼ 6 aged mice).
Together, we tracked a total of 8032 distinct dendritic spines over
6e11 imaging sessions. For display purposes only, best projections
of the dendritic segments were obtained, where the best focal plane
is identified and overlaid in Adobe Photoshop CC (Adobe Systems
Inc; RRID: SCR_014199), preserving all the elements in the segment,
and a median filter (radius of 2) was applied. We defined turnover
rate (TOR) of dendritic spines as the combined number of gained
and lost spines per unit length (mm) since the previous imaging day,
and we expressed it as per 100 mm of dendrite ([#gained spines þ
#lost spines]/100 mm). The survival function of dendritic spines was
obtained by fitting the survival fraction at the different time points
to a single exponential decay curve.

2.6.2. Spine clustering analysis
To investigate dendritic spine clustering, a custom-written

MATLAB routine (inspired by Yadav et al., 2012) was used to
identify likely spine clusters (groups of 3 or more spines) based on
proximity between spines. After each dendritic fragment was
analyzed for spine density and dynamics, as explained previously,
the length of the fragment, the coordinates of each spine, and the
persistence identity of each spine (stable, gained, eliminated)
were used to build a 2-D model of the fragment. Based on this
model and a preset cluster threshold (the maximum distance
allowed between 2 adjacent spines belonging to the same cluster)
in microns, an agglomerative (“bottom up”) hierarchical cluster
tree was constructed using Euclidean as the distance metric and
shortest distance method for linkage of dendritic spines. Multiple
cluster trees were constructed for each fragmentdone for every
threshold value between 0.2 and 5.0 mmdwith 0.2 mm increments.
A “c-score” (Yadav et al., 2012) was used to select the most
appropriate cluster threshold for every fragment and was calcu-
lated for each using the following approach: for each cluster
threshold, a Monte Carlo simulation was run 5000 times in which
the number of spines and length of the fragment were equal to the
actual observed dendrite but the position of the spines along the
fragment was randomized. Then a frequency distribution of the
fraction of spines belonging to clusters in that particular dendrite
fragment was generated. The point along the frequency distribu-
tion at which the observed dendrite fell was identified as that
cluster threshold’s “c-score” for that fragment. The lowest cluster
threshold at which the c-score reached or surpassed 0.90 (not
including reaching the maximum 1.0 value, at which all spines
belong to a cluster) was used for calculation of other spine clus-
tering metrics, and this fragment was categorized as a highly
clustered fragment. If no cluster threshold existed at which the c-
score criteria are met, the fragment was categorized as a mini-
mally clustered fragment and was not used in further calculations.

2.6.3. Statistical analysis
Prestimulation statistical differences of spine dynamics be-

tween age groups were calculated with unpaired t-tests. Post-
stimulation statistical differences of spine dynamics within age
groups were calculated with repeated-measures one-way ANOVA
followed by Bonferroni post hoc tests to correct for multiple
comparisons. Statistical differences between the measures of
dendritic spine persistence were calculated using student’s t-test
and repeated-measures two-way ANOVA followed by Bonferroni
post hoc tests to correct for multiple comparisons. For statistical
analysis of the spine clustering data, we used Wilcoxon matched-
pairs signed-rank and Mann-Whitney U test to account for non-
normality (assessed using Shapiro-Wilk test) of the data fol-
lowed by Bonferroni post hoc tests to correct for multiple com-
parisons. The differences in dendritic spine survival fractions and
rate constant K were computed using extra sum-of-squares F-test.
All statistical analyses were performed with GraphPad Prism
(GraphPad Software; RRID: SCR_002798). All bar graphs are pre-
sented as mean � SEM unless otherwise stated. All box-and-
whisker-plots show minimum to maximum values and median
values marked with horizontal lines and “þ” indicating the mean.
Significance was set at p< 0.05. In the figures, *p< 0.05, **p< 0.01,
and ***p < 0.001.

3. Results

3.1. Steady-state spine dynamics are higher in aged mice

Before the introduction of sensory manipulation, we imaged for
3 sessions (�d8, �d4, d0; Fig. 1A) to obtain measurements of
dendritic spine dynamics at the steady state for both young adult
and agedmice (Fig. 1C). We used a 4-day interval (see experimental
timeline, Fig. 1A) and sampled before and immediately after sen-
sory manipulation (Fig. 1B) to examine short-term effects on
structural plasticity. A comparison between age groups revealed a
difference in prestimulation spine TORs (defined as spine gain þ
elimination per 100 mm of dendritic shaft) in L5 S1BF. Aged mice
displayed higher TOR (16.5 � 0.7 spines) than young adults (13.5
� 0.8; t (36) ¼ 2.781, p ¼ 0.0086; Fig. 1D), in agreement with our
previous study on steady-state dynamics of spines in broad S1
(Mostany et al., 2013). These age-dependent differences were
visible individually within spine gain (# spines gained per 100 mm
of dendritic shaft; young adult: 6.6 � 0.4, aged: 7.9 � 0.4;
t (36) ¼ 2.28, p ¼ 0.0286; Fig. 1F) and spine elimination (# spines
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Fig. 1. Young adult and aged mice experience divergent responses in spine dynamics after whisker stimulation. (A) Experimental timeline with imaging intervals of 4 days over
20 days (�d8 to þd12) and a representative high-resolution image Z-stack showing the same dendritic fragment at various depths. (B) Schematic of bundled whisker stimulation
protocol which consisted of rostrocaudal deflections of the whiskers contralateral to the cranial window position at 8 Hz for 10 minutes for 4 consecutive days. (C) Representative
high-resolution images of dendritic segments from the apical tuft of layer 5 pyramidal neurons acquired with in vivo two-photon microscopy. Examples of persistent (through all
time points) spines (yellow arrowheads), gained spines (green arrowheads), and eliminated spines (red arrowheads) are shown. Young adult versus aged prestimulation dendritic
spine TOR (D), gain (F), elimination (H), and density (J); unpaired t-tests. Post-stimulation (pre-stim. vs. þd4, þd8, þd12) dendritic spine TOR (E), gain (G), elimination (I), and
density (K); repeated-measures one-way ANOVAwith Bonferroni post hoc tests to correct for multiple comparisons. For all data sets: n ¼ 18 cells/10 mice (young adult) and 20 cells/
9 mice (aged); bar graphs are presented as mean � SEM; box-and-whisker plots¼min to max with median line, þ indicates mean; *p < 0.05, **p < 0.01, ***p< 0.001. Abbreviations:
IOS, intrinsic optical imaging; TOR, turnover rate.
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eliminated per 100 mm of dendritic shaft; young adult: 6.9 � 0.4,
aged: 8.6 � 0.4; t (36) ¼ 2.871, p ¼ 0.0068; Fig. 1H). Spine density (#
spines per 100 mm of dendritic shaft), however, was not different
between ages at the steady state (young adult: 45.0 � 2.0, aged:
44.0 � 2.0; t (36) ¼ 0.5063, p ¼ 0.6157; Fig. 1J). The roughly equal
magnitude of spines gained and spines lost in each age group in-
dicates that although aged mice display higher spine fluctuation,
there is no net effect on absolute spine number.



p
ri
n
t
&

w
e
b
4
C
=
F
P
O

R.L. Voglewede et al. / Neurobiology of Aging 81 (2019) 222e233226
3.2. Whisker stimulation elicits divergent effects on spine dynamics
for young adult and aged mice

To induce structural plasticity in S1BF, we used a plasticity-
inducing stimulation protocol (Alexander et al., 2018) that con-
sisted of continuous, back-and-forth deflections of the whiskers at
8 Hz for 10 min/d for 4 consecutive days (d0, þd1, þd2, and þd3;
Fig.1A and B). IOS imagingwas used to determine the area activated
by whisker stimulation and then cells were subsequently selected
from that area.

Spines of young adult mice showed increased TOR (D ¼ þ3.9 �
0.8; F (3, 51)¼17.68,p<0.0001; Fig.1E), gain (D¼þ1.3�0.4; F (3, 51)¼
8.416, p¼ 0.0332; Fig.1G), and elimination (D¼þ2.5� 0.8; F (3, 51)¼
5.452, p¼0.0111; Fig.1I) compared to their steady-state levels at four
Fig. 2. The young adult response occurs rapidly for young adult mice but is more gradual fo
(�d2 to þd8). (B) Representative high-resolution images of dendritic segments from the ap
Examples of persistent (through all time points) spines (yellow arrowheads), gained spines
versus aged prestimulation dendritic spine TOR (C), gain (E), and elimination (G); unpaired t
(D), gain (F), and elimination (H); repeated-measures one-way ANOVA with Bonferroni post
each age group; bar graphs are presented as mean � SEM; box-and-whisker plots ¼ min
breviations: IOS, intrinsic optical imaging; TOR, turnover rate; S1-4, whisker stimulation ses
days (þd4) after the initiation of the whisker stimulation. These
spine dynamics then returned to steady-state levels by þd8 (TOR,
F (3, 51) ¼ 17.68, p > 0.9999; Fig. 1E; gain, F (3, 51) ¼ 8.416, p ¼ 0.4156;
Fig. 1G; elimination, F (3, 51) ¼ 5.452, p > 0.9999; Fig. 1I). A group
exposed to a faux whisker stimulation protocol (see Section 2)
showed no deviation from prestimulation spine dynamics levels at
any time point (p values, respectively, for þd4, þd8, and þd12 for
TOR:> 0.9999, 0.1226, and 0.1784, F (3, 15)¼ 2.351; for gained spines:
> 0.9999, >0.9999, >0.9999, F (3, 15) ¼ 0.1434; and for eliminated
spines:> 0.9999, 0.0537, 0.2045, F (3, 15) ¼ 5.469; not shown). These
data indicate that the temporary increase in spine dynamics seen in
young adult mice is specific to the whisker stimulation protocol.

Aged mice displayed an opposite reaction to the stimulation:
their spine TOR was reduced (þd4 D ¼ �3.6 � 0.9, F (3, 57) ¼ 7.386,
r aged mice. (A) Experimental timeline with imaging intervals of 24 hours over 11 days
ical tuft of layer 5 pyramidal neurons acquired with in vivo two-photon microscopy.
(green arrowheads), and eliminated spines (red arrowheads) are shown. Young adult
-tests. Post-stimulation (pre-stim. vs. þd1, þd2, þd3, þd4, þd5e8) dendritic spine TOR
hoc tests to correct for multiple comparisons. For all data sets: n ¼ 12 cells/6 mice for
to max with median line, þ indicates mean, *p < 0.05, **p < 0.01, ***p < 0.001. Ab-
sions (1e4).
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p ¼ 0.0004; Fig. 1E) and this reduction lasted through both þd8
(D ¼ �2.8 � 0.8, F (3, 57) ¼ 7.386, p ¼ 0.0088; Fig. 1E) and þd12
(D ¼ �3.6 � 0.7, F (3, 57) ¼ 7.386, p ¼ 0.0005; Fig. 1E). When broken
down into spine gain versus elimination, the reduction in spine
gain was already detectable at þd4 (D ¼ �2.3 � 0.6, F (3, 57) ¼
5.005, p¼ 0.0027; Fig. 1G) and lasted through þd8 (D¼�2.1�0.6,
F (3, 57) ¼ 5.005, p ¼ 0.0079; Fig. 1G). A reduction in spine elimi-
nation appeared at þd12 (D ¼ �2.3 � 0.5, F (3, 57) ¼ 5.347, p ¼
0.0009; Fig. 1I).

Spine density decreased for both age groups after whisker
stimulation. In young adult mice, the density decrease was visible
by þd8 (D ¼ �2.7 � 1.0, F (3, 51) ¼ 5.563, p ¼ 0.0107; Fig. 1K)
and þd12 (D ¼ �3.4 � 1.0, F (3, 51) ¼ 5.563, p ¼ 0.0011; Fig. 1K). The
faux stimulation group does not show any deviation from presti-
mulation density at any time point (p values ¼ 0.2870, 0.7302,
0.6347, F (3, 15)¼ 1.148, forþd4,þd8,þd12, respectively; not shown)
suggesting that the whisker stimulation protocol affects spine
density via a larger increase in spine elimination than spine gain
at þd4. The density decrease in aged mice is visible by þd4
(D ¼ �2.2 � 0.7, F (3, 57) ¼ 13.22, p ¼ 0.0148; Fig. 1K) and persists
through both þd8 (D ¼ �4.3 � 0.7, F (3, 57) ¼ 13.22, p < 0.0001;
Fig. 1K) and þd12 (D ¼ �3.9 � 0.8, F (3, 57) ¼ 13.22, p < 0.0001;
Fig. 1K). This rapid effect is mostly likely due to a decrease in new
spines added, as the decrease in density (�2.2� 0.7; Fig. 1K) atþd4
is approximately equal to the concurrent decrease in spine gain
(�2.3 � 0.6; Fig. 1G).

3.3. Divergence in spine dynamics occurs after a single stimulation
session for young adult mice but more gradually for aged mice

To observe changes in the dynamics of dendritic spines after
individual stimulation sessions, we performed imaging at 24-hour
intervals in an additional set of mice before, throughout, and after
stimulation for a total of 11 consecutive days (Fig. 2A and B). Steady-
state spine dynamics within 24-hour intervals (Fig. 2C,E and G)
mirrored the age-dependent differences present at 4-day intervals
(Fig. 1D,F and H). Aged mice displayed higher TOR (young adult: 8.8
� 0.9, aged: 16.3 � 0.8, t (22) ¼ 6.249, p < 0.0001; Fig. 2C), gain
(young adult: 5.2 � 0.4, aged: 7.7 � 0.5, t (22) ¼ 3.934, p ¼ 0.0007;
Fig. 2D), and elimination (young adult: 3.6 � 0.6, aged: 8.5 � 0.6,
t (22) ¼ 6.038, p < 0.0001; Fig. 2E) before any stimulation was
introduced.

Young adult mice exhibited increased TOR (D ¼ þ4.0 � 1.0,
F (5, 55) ¼ 5.957, p ¼ 0.0007; Fig 2D), gain (D ¼ þ1.7 � 0.6, F (5, 55) ¼
6.803, p¼ 0.0151; Fig. 2F), and elimination (D¼þ2.0� 0.8, F (5, 55)¼
3.485, p ¼ 0.0308; Fig. 2H) at þd1, only 24 hours after the initiation
of the whisker stimulation and after a single stimulation session
(s1). Spine TOR remained elevated through þd2 (D ¼ þ3.0 � 1.0,
F (5, 55) ¼ 5.957, p ¼ 0.0131; Fig. 2D). This is likely due to increased
spine elimination which remained elevated for þd2 (D ¼ þ2.6 �
0.6, F (5, 55) ¼ 3.485, p ¼ 0.0024; Fig. 2H) and þd3 (D ¼ þ2.1 � 0.8,
F (5, 55)¼ 3.485, p¼ 0.0248; Fig. 2H), whereas spine gain returned to
steady-state levels by þd2 (D ¼ þ0.3 � 0.6, F (5, 55) ¼ 6.803,
p > 0.9999; Fig. 2F).

In aged mice, spine TOR decreased at þd5e8 (D: �3.0 � 1.0, F (5,

55)¼ 2.278, p¼ 0.0393; Fig. 2D), but this is not reflected individually
within spine gain (D: �1.1� 0.5, F (5, 55) ¼ 1.156, p¼ 0.5968; Fig. 2F)
nor elimination (D: �1.8 � 0.7, F (5, 55) ¼ 1.662, p ¼ 0.2178; Fig. 2H).
These data collectively suggest that the effect of whisker stimula-
tion in young adult mice seen at 4-day intervals can be observed
acutely and after only a single stimulation, while the reduction in
spine dynamics in aged animals is subtle and thus only observed
over a longer timeframe when combinatorial (spine gain þ elimi-
nation), cumulative (multiple stimulation sessions), or both effects
can be detected.
3.4. The effect of whisker stimulation on spine dynamics in aged
mice persists for up to 1 month

We carried out an extended imaging timeline in a subset of mice
from both age groups to determine if the effects that occurred
shortly after whisker stimulation (þd4 through þd12) persisted for
30 days after the whisker stimulation (þd30 through þd38; Fig
3A and B). Young adult mice showed no differences from their
steady-state levels of spine TOR, gain, and elimination after 30 days
(Fig. 3C,D and E). These data suggest that the increase in spine
fluctuation on þd4 is indeed temporary and the return to steady-
state levels by þd8 is maintained.

Aged mice, however, showed a persistent deceleration from
steady levels of spine TOR 30 days after the whisker stimulation
(D: �2.6 � 1.0, t (13) ¼ 2.658, p ¼ 0.0197; Fig. 3C), likely due to an
enduring reduction in spine gain (D: �1.3 � 0.5, t (13) ¼ 2.556, p ¼
0.0239; Fig. 3D) rather than spine elimination (D: �1.3 � 0.6,
t (13) ¼ 2.153, p ¼ 0.0506; Fig. 3E). These data suggest that the
reduction in spine dynamics in aged mice after whisker stimula-
tion is longer-lasting. It is possible that the delayed reduction in
spine elimination seen at þd12 would present again but was not
captured within our experimental timeframe. In combinationwith
the 24-hour data, this extended timeline suggests that although
the effect in aged mice may be more gradual (visible only
by þd5e8), it is also longer-lasting.

3.5. Aged mice exhibit decreased spine persistence after whisker
stimulation

Because the decrease in spine fluctuations displayed by aged
mice could be an indicator of synapse stabilization, we examined
the persistence of newly formed spines both before and after the
introduction of whisker stimulation. We defined new persistent
spines as newly identified spines that persist for at least an addi-
tional imaging session (4 days apart) per 100 mm. Although the
densities of these persistent spines were similar between age
groups before whisker stimulation (�d4; young adult: 4.6 � 0.5;
aged: 4.9 � 0.4; F (1, 36) ¼ 8.913, p > 0.9999; Fig. 4A), aged mice
displayed a significantly lower persistent spine density than young
adult mice after whisker stimulation (þd4: young adult: 5.0 � 0.4,
aged: 3.3 � 0.4, F (1, 36) ¼ 8.913, p ¼ 0.0260; Fig. 4A). This difference
was due to a decrease in persistence of spines in aged mice from
their prestimulation levels (F (1, 36) ¼ 8.913, p ¼ 0.0044, RM two-
way ANOVA with Bonferroni post hoc; Fig. 4A). As spines persist-
ing for 8þ days have been linked with the successful formation of
synapses (Holtmaat et al., 2006), we extended this analysis to new
spines formed after stimulation (first observed on þd4) lasting 8þ
days (through þd12), for which the persistence of spines in young
adult mice was still higher than in aged mice (young adult: 3.7 �
0.3, aged: 2.6 � 0.4, t (36) ¼ 2.305, p ¼ 0.0271; Fig. 4B). Finally, we
examined the rate of elimination of all spines present on the very
first imaging session (�d8), regardless of their absolute lifetimes,
that remained throughout the entire duration of the experiment.
The percentage of spines that survived was similar for each age
group (young adult: 52.0% � 2.0%, aged: 49.0 � 2.0%; t (42) ¼ 1.202,
p ¼ 0.2360; Fig. 4C). However, the spines of young adult mice
exhibited a slower rate constant of decay (K ¼ 0.0361 � 0.0010)
than those of aged mice (K ¼ 0.041 � 0.001, F (1, 226) ¼ 10.05, p ¼
0.0017; Fig 4C), which translates into a longer half-life (19.2 days for
young adult vs. 16.87 days for aged). Interestingly, when these pa-
rameters were compared between young adult mice exposed to
whisker stimulation andmice that underwent faux stimulation, the
real whisker stimulation was linked with a longer half-life and
slower constant rate of decay than the faux stimulation (faux stim:
16.58 days half-life; K ¼ 0.042 � 0.002; F (1, 142) ¼ 6.324, p ¼ 0.013;
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Fig. 3. Reduction in spine dynamics in aged mice lasts for more than 1 month after whisker stimulation. (A) Experimental timeline with imaging intervals of 4 days over a span of
46 days (�d8 to d0 and þd30 toþd38). (B) Representative high-resolution images of dendritic segments from the apical tuft of layer 5 pyramidal neurons acquired with in vivo two-
photon microscopy. Examples of persistent (through all time points) spines (yellow arrowheads), gained spines (green arrowheads), and eliminated spines (red arrowheads) are
shown. Post-stimulation (pre-stim. vs. þd34e38) dendritic spine TOR (C), gain (D), and elimination (E); paired t-tests. For all data sets: n ¼ 10 cells/6 mice (young adult) and
14 cells/6 mice (aged); box-and-whisker plots ¼ min to max with median line, þ indicates mean; *p < 0.05. Abbreviations: IOS, intrinsic optical imaging; TOR, turnover rate.
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not shown). Thus, the differences in spine persistence observed
between age groups may be due to the successful incorporation of a
structural memory trace associated with the whisker stimulation
by the young adult but not by the aged mice.
3.6. Young adult and aged mice display similar clustering
characteristics in steady-state conditions

The data thus far examine spine activity in terms of population-
level formation and elimination of spines. However, the spatial
arrangement of these spines along the dendrite has large implica-
tions for how incoming information is integrated owing to a com-
bination of passive and active dendritic properties. Higher
prelearning spine turnover was recently linked with enhanced
learning and spine stabilization via an increase in spine clustering
in the young adult prefrontal cortex (Frank et al., 2018) and aged
rats treated with the glutamate modulator riluzole demonstrated
increased memory performance and lower cognitive decline that
correlated with increased spine clustering in the hippocampus
(Pereira et al., 2014). Given the higher steady-state TOR in aged
mice, we examined spine clustering (see Section 2) both before
(�d4) and after (þd4) whisker stimulation to see if experience-
Fig. 4. Reduced spine dynamics in aged mice is not coupled with increased spine persistenc
after stimulation) persisting for 4þ days. Repeated-measures two-way ANOVAwith Bonferro
on þd4 persisting for 8þ days. Unpaired t-test. (C) Survival fraction of total spines presen
regression with one-phase decay followed by extra sum-of-squares F test. For all data sets: n
mean � SEM; *p < 0.05, **p < 0.01.
dependent plasticity would result in increased clustering of
spines for aged mice in S1BF.

Before stimulation, dendritic fragments from both group ages
classified as highly clustered (see Section 2) reveal similar charac-
teristics. Clusters found within dendritic segments from young
adult and aged mice contain approximately equal numbers of
spines per cluster (young adult: 6.6� 0.6, aged: 6.0� 0.3, U¼ 576.5,
p > 0.9999; Fig 5A). In addition, both age groups exhibit a similar
density of clusters (# clusters/100 mm; young adult: 6.2� 0.4, aged:
6.6 � 0.3, U ¼ 619.0, p > 0.9999; Fig 5B), while the average indi-
vidual cluster spans a similar length of dendrite (young adult: 10.0
� 1.0 mm, aged mice: 9.0 � 0.6 mm, U ¼ 570.0, p > 0.9999; Fig 5C).

3.7. Cluster density after whisker stimulation decreases for aged
mice, and spine rearrangement occurs more often outside of clusters

After whisker stimulation, the number of spines per cluster
(young adult: 6.0 � 0.5, W ¼ �89, p > 0.9999; aged: 5.9 � 0.3,
W ¼ �161, p > 0.9999; Fig 5A) and average cluster length (young
adult: 9.0 � 1.0, W ¼ �181, p ¼ 0.0816; aged: 8.4 � 0.7, W ¼ �241,
p¼ 0.7092; Fig 5B) remain static for both age groups. The density of
clusters along the dendrite, however, decreases for agedmice (5.6�
0.4, W ¼ �421, p ¼ 0.0308, Fig. 5C).
e. (A) Density of new spines on either �d4 (formed before stimulation) or þd4 (formed
ni post hoc tests to correct for multiple comparisons. (B) Density of new spines formed
t on �d8 for the duration of the experiment comparing rate of decay, K. Nonlinear

¼ 18 cells/10 mice (young adult) and 20 cells/9 mice (aged); bar graphs are presented as
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Fig. 5. Spine cluster density decreases and rearrangement within clusters decreases in aged mice after stimulation. Analysis of spine clustering before stimulation (�d4) versus after
stimulation (þd4). (A) Spines per cluster. (B) Clusters/100 mm. (C) Cluster length. (D) Fraction of dynamic spines found within clusters. (E) Fraction of spines gained within clusters.
(F) Fraction of spines eliminated from clusters. For all data sets: Wilcoxon matched-pairs signed-rank tests for within-group comparisons and Mann-Whitney U test for between-
group comparisons, all with Bonferroni post hoc tests to correct for multiple comparisons; for data sets A and C: n ¼ 27 fragments/12 cells/9 mice (young adult) and 45 fragments
(18 cells/9 mice (aged); for B and D: n ¼ 30 fragments/12 cells/9 mice (young adult) and 46 fragments (18 cells/9 mice (aged); For E: n ¼ 26 fragments/11 cells/8 mice (young adult)
and 43 fragments (18 cells/9 mice (aged); For F: n ¼ 25 fragments/11 cells/8 mice (young adult) and 41 fragments (16 cells/8 mice (aged); bar graphs are presented as mean � SEM;
*p < 0.05, **p < 0.01, ***p < 0.001.
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Given that this decreased clustering is coupled with a concur-
rent decrease in spine dynamics for aged mice (see þd4 data in
Fig. 1), we examined whether the spine dynamics we observed are
happening within clusters or outside of them by examining the
population of dynamic spines (i.e., spines that appeared or dis-
appeared). Before whisker stimulation, the fraction of dynamic
spines that were gained into or eliminated from clusters was similar
for both age groups (young adult: 0.86 � 0.04, aged: 0.90 � 0.02;
U ¼ 669.5, p > 0.9999; Fig. 5D). After whisker stimulation, the
proportion of dynamic spines occurring within clusters decreases
significantly for aged mice (0.58 � 0.03, W ¼ �1018, p ¼ 0.0004;
Fig. 5D) but does not do so for young adult mice (0.79 � 0.06,
W ¼ �90, p ¼ 0.284; Fig. 5D). This decrease in remodeling within
clusters for aged mice is likely due to a decrease in spines being
gained into clusters (prestimulation: 0.90 � 0.03, post-stimulation:
0.73� 0.05,W¼�333, p¼ 0.0012; Fig. 5E) rather than spines being
eliminated from clusters (prestimulation: 0.86 � 0.04, post-
stimulation: 0.81 � 0.04, W ¼ �146, p ¼ 0.3916; Fig. 5F).
Together, these data suggest that although whisker stimulation
reduces spine rearrangement in aged mice, the structural remod-
eling that remains is occurring with increasing rate outside of
clusters and may not benefit from the spine-stabilizing reported to
occur with spine clustering.

4. Discussion

4.1. Divergent shifts in dendritic spine dynamics after whisker
stimulation

Our data reveal that in the absence of any manipulation, spine
turnover rates are higher in the S1 of agedmice than those of young
adult mice, as shown previously (Mostany et al., 2013). The results
are significant because they reinforce that (1) some level of fluc-
tuation in synaptic connectivity, and thus spines, is omnipresent
and stochastic/activity-independent (Attardo et al., 2015;
Loewenstein et al., 2015; Minerbi et al., 2009; Yasumatsu et al.,
2008) and (2) measurements of spine dynamics after intervention
must be viewed in terms of the deviation from theirdperhaps
already altereddsteady-state levels.

Several studies have shown in vivo structural plasticity resulting
from whisker-dependent manipulations (Alexander et al., 2018;
Kuhlman et al., 2014; Wilbrecht et al., 2010; Zuo et al., 2005).
However, this has never before been examined in the aged brain.
Fixed tissue studies have been themain source of knowledge on the
changes occurring in the aging brain for decades. However, owing
to methodological limitations of fixed tissue, the study results were
often contradictory. For example, spine density decreases have
been reported in various species: rat (Bloss et al., 2011; Wallace
et al., 2007), rhesus monkey (Dumitriu et al., 2010), and human
(Jacobs et al., 1997) aswell as spine density increases in rats (Connor
et al., 1980) or mice (Benice et al., 2006). The present study was
informed by our previous in vivo work showing elevated steady-
state spine (postsynaptic) dynamics in S1 (Mostany et al., 2013)
and in vivo work by others showing elevated cortical axonal bouton
(presynaptic) dynamics (Grillo et al., 2013), together suggesting a
more widespread phenomenon of elevated cortical synaptic dy-
namics in aged animals. The present study was designed to deter-
mine how these altered dynamics affect the aged brain’s ability to
structurally incorporate new sensory experiences. Our data indicate
that whisker stimulation elicits diametric effects on spine dynamics
for young adult and aged mice compared to their prestimulation
baselines when examined at 4-day intervals: in young adults, these
measures rose after stimulation, whereas in aged mice, these same
measures decreased.
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4.2. Unsuccessful rewiring of cortical circuits in aged mice

The successful incorporation of memories associated with new
experiences is thought to depend on (1) the rewiring of neural cir-
cuits to incorporate thesememories and (2) the persistence of these
newly created circuits over time, forming a so-called “structural
trace of memory” within the circuits’ connective components (i.e.,
dendritic spines; Majewska et al., 2006; Hofer et al., 2009; Xu et al.,
2009; Yang et al., 2009). Plasticity protocols are historically linked
with short-term elevations in spine dynamics enabling reorganiza-
tion of synapses after plasticity induction. Chessboard whisker
deprivation increases spine turnover in S1BF (Trachtenberg et al.,
2002), whereas monocular deprivation (Hofer et al., 2009) and
learning of a novel motor task (Xu et al., 2009) dramatically increase
spine gain in the visual and motor cortices, respectively. Thus, the
reduction in spine dynamics seen in aged mice after whisker stim-
ulation suggests a failure to form a structural trace associated with
the new experience and modify the existing neuronal connectivity.

Before this work, it was unclear whether the structural evidence
of plasticity in aged mice should be an increase in spine dynamics,
parallel to that observed in young adults, resulting in even higher
rates of spine gain, elimination, and turnover. Althoughyoung adults
experience a heightened level of synaptic instability during states of
plasticity, the implication of higher spine turnover at steady state
may be that aged animals experience this synaptic instability as the
norm. There is, perhaps, a ceiling effect when it comes to states of
structural plasticity. If the spines of an aged animal are already
responding during the baseline state as if they are undergoing
plasticity, the system could either (1) be overdriven and simply not
respond to further stimuli or (2) display a homeostatic response to
maintain balance (Calì et al., 2018; Kirov et al., 2004; Kirov and
Harris, 1999; Mahoney et al., 2014; Turrigiano et al., 1998).
4.3. Lack of enduring structural traces in aging

Our examination of spine dynamics onemonth after thewhisker
stimulation reveals a maintained decrease in spine TOR for aged
mice. Although the longer-term reduction in spine dynamics seen in
aged mice suggests lessdperhaps aberrantdrewiring of cortical
circuits than exhibited in their baseline state, it could also indicate a
general absence of cortical rewiring for agedmice upon exposure to
new sensory experiences. A more meaningful indicator of sensory
Fig. 6. Model showing decreased spine dynamics and clustering in aged mice after whisker
orange) and aged mouse (bottom row, blue). Schematic shows higher dendritic spine turn
young adult mice increase their dendritic spine turnover while cluster density remains stable
Spines that are gained after stimulation occur more frequently outside of clusters.
encodingmay be the persistence of their spines over time. Our study
of spine lifetimes, however, shows that spines of aged mice are less
persistent, presenting shorter half-lives, than their young adult
counterparts. When we restrict this examination to newly formed
spines, we observe that aged spines are less persistent than those of
young adult mice and additionally display decreased persistence
after whisker stimulation. This suggests that if circuit rewiring does
occur after whisker stimulation in aged mice, it is not sustained.
4.4. Spine clustering and synapse stabilization

Spine clustering has been linked with synapse stabilization after
plasticity (Frank et al., 2018), possibly because of coactivation of
spines within the immediate proximity, plasticity cross-talk
(Takahashi et al., 2012), and lowered LTP thresholds (Harvey and
Svoboda, 2007; Makino and Malinow, 2011). The spread of depo-
larization (e.g., Ca2þ/NMDA spikes; Larkum and Nevian, 2008;
Druckmann et al., 2014; Lee et al., 2016) along the dendrite and
biochemical activity (e.g., spread of Ras activity; Yasuda et al., 2006;
Harvey et al., 2008) likely underlie these phenomena. Because these
forms of activity are not detectable in the imaging data generated
by the present study, we developed a strategy for identifying pu-
tative spine clusters based on their spatial arrangement. We believe
that our method for identifying spine clusters is a reasonable
approach because the basic metrics, such as cluster length and
density, calculated with our method are consistent with those re-
ported by other studies that describe clusters using both spatial
(Chen et al., 2012; Frank et al., 2018; Fu et al., 2012) and functional
strategies (Harvey and Svoboda, 2007; Makino and Malinow, 2011).

Interestingly, these steady-state metrics of spine clustering are
unaffected by aging, indicating that the aged dendrite can maintain
normal spatial arrangements while unchallenged by induced
plasticity, even in the face of the aging-related increase in steady-
state spine dynamics. However, the density of spine clusters on
aged dendrites is reduced after whisker stimulation, suggesting
that sensory stimulation disrupts previously presented clusters.
After plasticity induction, spine turnover on the aged dendrite is
reduced largely because of a decrease in spine formation. Not only
are fewer spines formed, but a smaller proportion of those new
spines are located within clusters. Combined with unchanged spine
elimination, the aged dendrite experiences a decrease in spine
density and spine cluster density, as is depicted here (Fig. 6).
stimulation. Schematic showing dendritic fragments from young adult mouse (top row,
over (spines gained þ eliminated) in aged mice before stimulation. After stimulation:
. In aged mice: dendritic spine turnover and cluster density decreases after stimulation.
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Therefore, it is possible that lost spines belonging to a putative
functional cluster are being replaced on the same dendrite by
spines physically distant from the same cluster or other clusters.
Perhaps, the elevated prestimulation spine dynamics in the aged
dendrite were compensating for this relatively indiscriminate
positioning of newly formed spines. The decrease in spine cluster
density coupled with the increase in spine dynamics occurring
outside of clusters suggests that aged mice are not employing
clustering as a means of spine rearrangement after sensory stim-
ulation. An increase in the fraction of new spines appearing in
segments of the dendrite physically distant from functional clus-
ters, where biochemical resources essential to stabilize synapses
are less concentrated, may lead to the observed decrease in new
spine survival. Although these phenomena have strong potential
implications for spine behavior, it is important to note that these
effects are dependent upon temporal coactivations of spines, a
metric not captured here and a potential area of further study.

4.5. Reduced spine dynamics after whisker stimulation as a
maladaptive compensation by aged mice

The 24-hour imaging data suggest that the effect of whisker
stimulation on spines of aged animals is gradual and thus observed
more clearly over a longer timeframe, when cumulative effects
become increasingly visible. Daily imaging of young adult mice
shows parallel increases in spine dynamics (þd1) roughly consis-
tent with þd4 of the four-day interval timeline and a return to a
baseline (þd2-4) roughly equivalent to þd8-12 of the four-day in-
terval timeline. Aged mice, however, display a weaker response to
whisker stimulation over the 24-hour timeline, with the parallel
decrease in spine dynamics visible only after stimulation ceased.

Our original interpretation was that the reduction in spine dy-
namics in aged mice after whisker stimulation could be a
compensatory measure to attenuate the synaptic instability present
at baseline levels. Indeed, a larger phenomenon exists involving
modest reversals or delays of neurodegeneration or cognitive def-
icits with sensory stimulation treatment. Improved performance on
memory tasks is seen in humans with noninvasive transcranial
stimulation (Flöel et al., 2012) and in rodents (Frick and Fernandez,
2003; Speisman et al., 2013) exposed to enriched environments.
However, if this were the case, we should see concurrent indicators
of improved spine stability in our experiments, including individual
spine persistence and synaptic strengthening via clustering, both of
which we fail to observe.

4.6. Synaptic tenacity versus plasticity

Spine dynamics are associated with a continuum between
tenacity (circuit integrity) and plasticity (ability to remodel). Defi-
cits in the aged brain may reflect an inability to maintain balance
between these 2 circuit properties, inwhich compensations arise to
maintain one side of this continuum while sacrificing the other. A
reduction of spine dynamics in aged mice may not reflect a true
stabilization of synapses but rather a failed attempt to maintain
existing circuits and resist further changes, as has been observed in
the prefrontal cortex (Bloss et al., 2010, 2011).

4.7. Somatosensory-specific deficits

We selected S1BF based on the experimental ability to monitor
structural changes resulting from whisker-based manipulations
and its suitability for characterizing potential age-related sensory
deficits in future studies. These include examining the relationship
between altered spine dynamics and sensory processing deficits
through a behavioral paradigm to determine if the inability of aged
mice to structurally incorporate a behavior correlates with declined
performance. Although the effects regarding spine dynamics
observed here may serve as a model for cortical circuits (or
potentially for circuits across the brain) for how informationmay be
stored within the structure of those circuits in later life, it is
important to consider contributing factors that may either be so-
matosensory specific. Because the whisker stimulation is per-
formed under anesthesia, a behavioral protocol under awake
conditions could parse out potential upstream contributors from
the larger sensory circuit including the posterior medial and ventral
posterior medial divisions of the thalamus (Barthó et al., 2002;
Constantinople and Bruno, 2011; Lavallée et al., 2005; Mease
et al., 2016b; Trageser and Keller, 2004). Another area of interest
might be the differences involvingmultiwhisker stimulation, which
has implications for nonlinear integration of multiple information
streams involving the barrel (above each whisker) and septal (in
between the whiskers) regions of the somatosensory cortex
(Ghazanfar and Nicolelis, 1997; Estebanez et al., 2016, 2018).

In summary, we provide the first evidence linking experience-
dependent plasticity with in vivo spine dynamics in the aged
brain. Aged mice display reduced spine dynamics, spine persis-
tence, and spine clustering after stimulation, demonstrating
reduced plasticity and failure to structurally incorporate new sen-
sory experiences.
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