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We aimed to evaluate structural dynamic changes of neurons in the auditory cortex after visual deprivation. We longitudinally tracked dendritic
spines for 3 weeks after visual deprivation in vivo using a two-photon microscope. GFP-labeled dendritic spines in the auditory cortex were serially
followed after bilateral enucleation. The turnover rate, density, and size of the spines in the dendrites were evaluated 1, 2, and 3 weeks after visual
deprivation. The turnover rate of the dendritic spines in the auditory cortex increased at 1 week (20.1+7.3%) after bilateral enucleation compared
to baseline (12.5£7.9%); the increase persisted for up to 3 weeks (20.9+£11.0%). The spine loss rate was slightly higher than the spine gain rate. The
average spine density (number of spines per 1 um of dendrite) was significantly lower at 2 weeks (2W; 0.22+0.06 1/um) and 3 W (0.22+0.08 1/um)
post-nucleation compared to baseline (0.026+0.09 1/um). We evaluated the change of synaptic strength in the stable spines at each time point. The
normalized spine size in the auditory cortex was significantly increased after bilateral blindness at 1 W postoperatively (1.36+0.92),2 W postopera-
tively (1.40+1.18), and 3 W postoperatively (1.36:0.88) compared to baseline. Sensory deprivation resulted in remodeling of the neural circuitry in

the spared cortex, via cross-modal plasticity in the direction of partial breakdown of synapses, and enhanced strength of the remaining synapses.
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INTRODUCTION

Neuroplasticity refers to the capacity of the nervous system to
adapt and reorganize its limited resources in response to envi-
ronmental changes and experiences [1]. Studies using a range of
species, including cats and non-human primates, have reported
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that abnormal visual experiences during critical periods in de-
velopment can cause permanent visual impairments, and affect
neuroplasticity in the brain [2]. In addition to domain-specific
neuroplasticity (such as neuroplastic changes to the visual cor-
tex after visual deprivation), cross-modal plasticity is a known
phenomenon of the nervous system. For example, studies have
reported enhanced auditory functions in blind patients [3,4]. In
this example of cross-modal plasticity, the deficient sensory func-
tion (vision) is compensated for by the remaining senses. When
a sensory modality is deficient, the cerebral cortices typically as-
sociated with that modality are often reorganized according to the
remaining functional sensory domains. For example, many studies
of blind patients have reported that the visual cortex is activated
by auditory and somatosensory stimuli [5, 6]. Better visual motion
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detection ability in patients with hearing loss has also been report-
ed [7], where the enhanced visual detection was linked with activa-
tion of the auditory cortex [8]. Atypical brain activities in deprived
brain cortices can be explained by reorganization of the nervous
system as the brain adapts to its environment. Animal studies have
directly demonstrated this phenomenon. For example, congeni-
tally deaf cats have shown enhanced visual localization, which
could be reversibly deactivated via transient cooling of the audi-
tory cortex [9]. Other studies of deaf animals found increased field
potentials in the auditory cortex in response to somatosensory or
visual stimulation [10]. Also, it has been reported that this change
is involved in the enhancement of sound information processing,
which can be seen as a behavioral change in the auditory cortex
[11]. Although there has been no study confirming that changes
in dendritic spine size induce electrophysiologic and behavioral
changes in one experiment, these studies can be inferred.

Despite abundant functional and clinical evidence, the mecha-
nisms underlying cross-modal plasticity at the synaptic level are
not fully understood. It is presumed that plastic cortical changes
in response to environmental changes result from neural cir-
cuit remodeling and rewiring. In juvenile mice, a loss of visual
input induced changes in a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor-mediated miniature
excitatory postsynaptic currents (mEPSC), in both the auditory
and somatosensory cortices [12, 13]. Recent advances in in-vivo
imaging using two-photon microscopes revealed that an increase
of mEPSC amplitude, itself a result of visual deprivation, was as-
sociated with an increase in the size of dendritic spines in the de-
prived cortex [14]. In the somatosensory system, peripheral nerve
injury induces remodeling of cortical synapses, as well as changes
in the size and density of dendritic spines in the somatosensory
cortex [15]. Therefore, we hypothesized that cross-modal plasticity
caused by sensory deprivation would induce adaptive remodeling
of neural circuits in both the deprived and spared cortices.

To assess the structural change of neural circuits, we assessed
the dynamics of individual dendritic spines in the auditory cortex
in-vivo using a two-photon microscope. In previous studies of
deaf animals, structural changes in neurons were found about 1
month after sensory deprivation [16]. Therefore, we longitudinally
tracked dendritic spines for 3 weeks after visual deprivation. To
our knowledge, this two-photon imaging study has the longest
follow-up period among all such studies.

MATERIALS AND METHODS

The animal study was reviewed and approved by the Institution-

al Animal Care and Use Committee of Seoul National University
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Hospital (17-0073-C1A1 (1)).

Animal preparation

All of the experiments were conducted under anesthesia with
isoflurane (1%) or Zoletil (30 mg/kg; Virbac, Westlake, TX) with
xylazine (10 ml/kg; Bayer AG, Leverkusen, Germany), and the
body temperatures of mice were maintained at 36~38T using a
heating pad (IL-H-80; Live Cell Instrument, Namyangju, Korea).
A cranial window was placed on the primary auditory cortex of 42
transgenic mice (Tg(Thy-1-EGFP)MJrs/], aged 8~9 weeks) pur-
chased from The Jackson Laboratory (Stock No. 007788; Bar Har-
bor, MN). Some animals were excluded during follow-up because
of air bubbles under the cranial window (n=12) or contamination
of the cranial window (n=6). Also, some animals did not have the
optimal phenotype for this experiment, such as unexplained hear-
ing loss (hearing threshold >40 dB sound pressure level [SPL]), or
overexpression of dendrites (n=13). Among the 42 operated ani-
mals, 8 were followed-up for the full duration of the experiment
(3 weeks post-enucleation); only these animals were included in

turther analysis.

Experimental procedure

There was a stabilizing period of 2 weeks after placement of the
cranial window. Baseline (pre-blindness) imaging was performed
7 days before enucleation (1 W preoperatively), and on the day of
enucleation (0 W). Imaging was performed 1,2 and 3 weeks (1 W, 2
W, and 3 W, respectively, postoperatively) after enucleation.

Before surgery, enucleation, and two-photon imaging, mice were
anesthetized with a mixture of zoletil (30 mg/kg) and xylazine
(10 mg/kg) via intramuscular administration. All experimental
procedure were performed after confirming that the animal was
completely anesthetized. As for enucleation, the distal optic nerves
were amputated with fine iris scissors, and bilateral eye globes were
removed to achieve complete visual deprivation.

Cranial window operation

A 2x2-mm cranial window was made over the left A1 cortex (0.4
and 0.3 cm lateral and posterior to Bregma, respectively) [17]. The
scalp was removed and the skull was opened above the A1 cortex.
A small craniotomy was carefully performed using a #11 surgi-
cal blade [18]. The dura was left intact. The exposed cortex was
covered with a polydimethylsiloxane (PDMS) window and the
margin between the skull and PDMS was tightly sealed with Vet-
bond (3M, Maplewood, MN) [19]. The PDMS window was a soft,
penetrable, elastic, and transparent silicone-based window ideal
for covering the convex auditory cortex [19]. Dexamethasone (0.2
mg/kg) and meloxicam (20 mg/kg) were administered by subcu-
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taneous injection prior to surgery to minimize the potential for
edema and inflammation [18, 20]. Imaging sessions started 14~16
days after the surgery. Only one mouse was housed in each cage in
the vivarium to minimize stress.

In vivo two-photon microscopy imaging

In-vivo imaging was performed with a two-photon microscope
(Zeiss LSM 7 MP; Carl Zeiss, Jena, Germany) equipped with a
water immersion objective (Apochromat 20x, numerical aper-
ture=1.0; Carl Zeiss). A Ti:sapphire laser (Chameleon; Coherent,
Santa Clara, CA) was tuned to the excitation wavelength for GFP
(900~950 nm) [21]. Subsequent image stacks (512x512 pixels; 0.4
um/pixel, 26 sections) were recorded every 5 min for 1~2 hours.
The imaging depth was 50~150 um below the pial surface, and the
dendrites and dendritic spines in Layer II/IIT of the Layer V pyra-
midal cells were imaged in this study.

Hearing threshold measurement with auditory brainstem
response

To evaluate the hearing status of the animals, the hearing thresh-
old was checked 1 week before the cranial window surgery. The
auditory brainstem response (ABR) was measured in a sound-
proof chamber with the Smart EP system (Intelligent Hearing
Systems, Miami, FL). Subdermal needle electrodes were inserted
at the vertex (active electrode), behind the injected ipsilateral ear
(reference electrode) and contralateral ear (ground electrode). The
earphone tube was inserted gently into the ear canal. Click audi-
tory stimuli were delivered to the target ear. Hearing thresholds
were determined by evaluating the lowest stimulus level for waves
ITI/V and SN 10 (slow negative wave) recognition, from 90 dB SPL
in 5-dB SPL decrements.

Image analysis

Image] (NIH, Bethesda, MD) was used to analyze individual
spines on the same dendrites from three-dimensional image
stacks. Analyses were performed blind to the experimental condi-
tion. Detailed criteria for scoring the spines have been described
previously [22]. Spine loss and gain rates were determined (per-
centage of spine elimination and generation between two suc-
cessive imaging sessions, respectively, relative to the total number
of spines in the former session). Spine turnover was defined as
the number of lost and gained spines divided by twice the total
number of spines from the former session. Spines that survived all
imaging sessions were classified as stable [17, 18]. Spine brightness
was calculated as described previously, as a measure of spine size
[23]. Briefly, only spines that extended from the dendrite in the x-y

plane were included. In the best focal section, the intensity values
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of all pixels comprising the spine were added, and the background
from a nearby area (devoid of any GFP-labeled structures) was
subtracted. The spine size was then normalized according to the
intensity of the adjacent dendrite to account for differences in
overall intensity between imaging sessions. To calculate relative
changes in spine size at each time point, the spine size was normal-
ized to that at baseline.

Extracellular multi-unit recording of sound-evoked neural
activity

To confirm that the anatomic location imaged was the auditory
cortex, extracellular multi-unit recordings were performed in
two animals. A screw was fixed to the parietal bone and used as
the reference electrode. The animals were fixed to the stereotaxic
frame and a tungsten wire-based 9-channel microelectrode ar-
ray (Innovative Neurophysiology, Inc., Durham, NC), (3x3 array,
diameter=35 pm, interelectrode spacing=500 pm, 45° angled tip,
impedance=300 k(}) was inserted to a depth of 500 um perpen-
dicular to the left auditory cortical surface of layer IV. Superficial
vessels were carefully avoided.

During recording, Gaussian white noise was produced every 685
ms and introduced into the right ear. Data acquisition, amplifica-
tion, filtering (by automatic voltage threshold technology), and
real-time spike alignment of multichannel signals were performed
(MAP system; Plexon Inc., Dallas, TX). The waveform of neural
activity was amplified 1,000 times and filtered from 100 to 8,000
Hz. Sound was introduced into the right ear, and recording was
performed in the left auditory cortex. Spikes were detected by the
auto-gain and auto-threshold technique (Sort Client; Plexon Inc.).
Spike sorting was done by unit feature extraction based on princi-
pal component analysis. Units were classified using a T-distributed
E-M clustering algorithm and artifacts were removed.

The sorted files were processed using NeuroExplorer® (Plexon
Inc.) to determine changes in neural activity to repeated stimuli.
According to previous research, a peristimulus time histogram
(PSTH) of sound-induced unit activity was optimized (observa-
tion period: 500 ms, time bin width: 3 ms, number of trials: 200)
[24]. We defined an auditory response (synchronized with the
stimulus) as a peak amplitude of >10 spikes/bin in the PSTH (de-
noting an increase in action potentials after acoustic stimulation).

Statistical analysis

All results are presented as meanststandard deviations. Statisti-
cal analyses were performed using SPSS statistical software (ver.
18.0; SPSS, Chicago, IL). p values <0.05 were considered to indicate
statistical significance. The change in spine density after enucle-
ation was analyzed using a Wilcoxon signed rank test, for paired
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Fig. 1. Change in spine dynamics in the auditory cortex after bilateral blindness. (A) Spine turnover rate*. (B) Spine gain and loss rates*. (C) Spine den-
sity. (D) Representative images of the same dendrite in the auditory cortex before and after bilateral enucleation. Arrows indicate spines that disappeared
during follow-up. Triangles indicate newly generated spines. Scale bar, 5 pum. Error bars are SE.

comparisons of longitudinal measurements. The spine size was

compared before and after enucleation using the paired t-test.
RESULTS

Serial in-vivo imaging of dendritic spines

A total of 184 dendritic spines in 12 dendrites were identified at
baseline and tracked for 3 weeks. Among the spines, 98 (33.0%)
were classified as stable, 85 (28.3%) as disappearing, 55 (18.3%) as
new, and 61 (20.3%) as transient. The total numbers of spines ana-
lyzed at baseline and 1 W, 2 W,and 3 W postoperatively were 184,
165, 159,and 154, respectively.

During long-term follow-up with high-resolution imaging of
the auditory cortex, a marked increase in spine turnover was
observed. The mean turnover rate of dendritic spines in the 12
dendrites across 7 days prior to enucleation was 12.5£7.9%. The
7-day turnover rate increased at 1 W after bilateral enucleation
compared to OW by 20.1+7.3% (p=0.034),at 2 W compared to I W
postoperatively by 18.6£10.9% (p=0.239), and at 3 W compared to
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2'W postoperatively by 20.9+11.0% (p=0.075) (Fig. 1A). The 7-day
spine loss rate in the auditory cortex was significantly higher at 1TW
postoperatively (23.3+7.5%) compared to baseline (i.e., 1 W preop-
eratively; 13.0£15.2%; p=0.023). At 2 W and 3 W postoperatively,
the spine loss rate was also higher compared to the pre-enucleation
period (18.2:+13.8%, p=0.353; 24.2+12.4%, p=0.052) (Fig. 1B). The
7-day spine gain rate also increased in the auditory cortex after
bilateral enucleation, but to a lesser degree than the spine loss rate
(baseline, 9.8+11.5%; 1 W postoperatively, 16.9+14.1%, p=0.315;
2 W postoperatively, 19.0£18.3%, p=0.247; 3 W postoperatively,
17.6+16.7%, p=0.353) (Fig. 1B). Consequently, spine density in the
auditory cortex was significantly decreased at 2 W (0.22+0.06 1/
um, p=0.034) and 3 W after bilateral enucleation (0.22+0.08 1/pm,
p=0.022), compared to pre-enucleation (0.026+0.09 1/um) (Fig.
1C). Our data showed that visual deprivation resulted in active
turnover (gain and loss) of dendritic spines in the auditory cortex,
and that dynamic changes of dendritic spines was maintained for
3 weeks after enucleation (Fig. 1D). The overall spine number was

decreased due to slight dominance of spine loss over spine gain
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Fig. 2. Change in spine size in the auditory cortex after bilateral blindness. (A) The normalized spine size, representing synaptic strength relative to base-
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images of growing (arrow) and stable (triangle) spines before and after bilateral enucleation. Scale bar, 5 pum; Error bars are SE.

(Fig. 1C).

To evaluate the change of synaptic strength, we quantified spine
size based on spine brightness, which is monotonically related to
spine volume. We serially followed dendritic spines for 3 weeks
after enucleation. The spines (n=98) were identified at every time
points, at the same sites in 12 dendrites. Compared to the spine
size at baseline, i.e., before bilateral enucleation, the stable spines in
the auditory cortex significantly increased in size 1 W (1.36+0.92,
p<0.001),2 W (1.40+1.18,p=0.001),and 3 W (1.36+0.88, p<0.001)
after bilateral blindness (Fig. 2A and B).

Extracellular multi-unit recording of sound-evoked neural
activity

Clear auditory responses were identified in the location where
we placed the cranial window and imaged the neurons in-vivo.
The PSTH parameters were averaged over all responsive units. The
average peak amplitude, peak latency, and sum of the spikes in the
PSTH were 20.2+8.4 spikes/bin, 35.3+14.8 ms, and 386.3+405.7
spikes, respectively. These values were consistent with the extracel-
lular multi-unit response to sound stimuli in the auditory cortex
reported previously [25]. The inter-trial variability (Fig. 3A vs. B;
Fig. 3C vs. D) and inter-individual variability were acceptable (Fig.
3Aand Bvs.Cand D).

DISCUSSION

In this study, we evaluated structural dynamic changes in the
auditory cortex after bilateral blindness. To our knowledge, this
study is the first to track dendritic spines via long-term (3-week)
in-vivo imaging. We were able to stabilize the cranial window in

the auditory cortex for 5 weeks (2 weeks prior to and 3 weeks post-
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enucleation). Furthermore, this study is the first to evaluate the
structural remodeling of dendritic spines in the spared cortex [26]
after sensory deprivation and cross-modal plasticity. After bilateral
blindness due to enucleation, the spine turnover rate increased
from 12.5% to 18.6~20.9% (Fig. 1A). The increased turnover rate
of dendritic spines persisted for 3 weeks post-bilateral enucleation.
Spine density (number of spines per I pm of dendrite), was de-
creased due to the spine loss rate being higher than spine gain rate
(Fig. 1B and C). Although the spine density in the auditory cortex
was decreased after bilateral blindness, normalized spine size, rep-
resenting the synaptic strength of stable spines, was significantly
increased (Fig. 2). Therefore, we concluded that sensory depriva-
tion resulted in remodeling of the neural circuitry in the spared
cortex, in the direction of partial breakdown of synapses, and en-
hanced the strength of the remaining synapses. These changes in
the spared cortex might be related to long-term potentiation and
enhanced function of the spared modalities.

Previous studies have reported that sensory deprivation results in
up-regulation of excitatory synapses in sensory-deprived cortices.
For example, after a few days of dark exposure or bilateral enucle-
ation, synapses in the visual cortex showed increased mEPSC
and synaptic density [12-14]. Reinforcement of the synapses was
attributed to lateral inputs, i.e., intra-cortical input from higher-
order visual areas, or from auditory and somatosensory systems
[27,28]. Thus, changes in synapses after sensory deprivation of the
cortex seem to be closely related to the cross-modal plasticity of
the spared cortex.

Similar to the neuroplastic changes seen in the deprived cortex,
remodeling of neural circuitry in the spared cortex after sensory
deprivation was also identified in this study. Interestingly, two

different types of cross-modal plasticity were seen in the spared
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Fig. 3. Representative auditory-related extracellular multi-unit response (sound-evoked neural activity). When the 9-channel microelectrode array
was placed in the A1 area that we imaged, an auditory-related extracellular multi-unit response was recorded. (A) Auditory response to Gaussian white
noise in animal 04. (B) Same as (A) but repeated to check inter-trial variability. A reproducible auditory response was elicited, confirming that the loca-
tion of in vivo imaging was the auditory cortex. (C) Auditory response to Gaussian white noise in animal 07. (D) Same as (C) but repeated to check inter-

individual variability between different animals.

cortex after sensory deprivation. Intra-cortical excitatory syn-
apses in auditory and somatosensory cortices were “scaled down”
after visual deprivation, i.e., showed lower-amplitude mEPSC [12,
28]. On the other hand, enhancement of the strength of thala-
mocortical synapses from layers 4 to Layer 2~3 in the auditory
and somatosensory cortices was found [28]. The enhancement
of the thalamocortical neural circuits in the auditory cortex was
associated with a decrease of the threshold for hearing, as well as
increased sensitivity of sound-receptive fields in the auditory cor-
tex [11] after visual deprivation. Our results are in line with these
findings. The increased size of dendritic spines may be related with
the strengthening of synapses in layer 4 pyramidal cells. Therefore,
cross-modal potentiation of neural circuits in the auditory cortex
after blindness might be associated with experience-dependent
synaptic plasticity and long-term potentiation after sensory depri-
vation.

Contrary to the increase of dendritic spine size (Fig. 2), the
density of dendritic spines in the auditory cortex decreased after
blindness (Fig. 1C). There were an increased number of both dis-

appearing and newly generated dendritic spines, resulting in a high
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turnover rate of the spines (Fig. 1A). Overall, the number of spines
decreased due to the spine loss rate exceeding the spine gain rate.
Decreased excitatory postsynaptic currents in the auditory cortex
after visual loss has also been reported previously. After exposing
animals to darkness, intra-cortical synapses scaled down and the
amplitude of mEPSC decreased in the spared cortex [11]. This
was attributed to the down-scaling of intracortical processing,
which relies on feedback from higher-order visual areas. Although
long-term results were not provided, it may be that the decrease in
mEPSC amplitude was related to a decreased number of spines.
We hypothesize that the increased dynamics and turnover of
dendritic spines in the auditory cortex after blindness might be
related to adaptive changes in the intra-cortical and lateral neural
circuitry. Visual deprivation may lead to a breakdown of the intra-
cortical pathway within the auditory cortex (between the primary
and higher order auditory cortices), or lateral input from other
modalities, such as vision.

It should be noted that it took 2 weeks for the spine size to plateau
in this study. Most previous studies focused on changes in neural

circuits at a single time point, i.e., 1 week after sensory deprivation

https://doi.org/10.5607/en22020
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[28-30]. Short-term observations may not be able to capture the
significant synaptic changes that take place after sensory depri-
vation. Further, observations across at least two time points are
needed to understand the sequential changes, and speed thereof,
in cross-modal plasticity. We believe that our observations extend
prior studies in this regard. It could be argued that 3 weeks is not
sufficient to fully explain the clinical and functional improvements
in cross-modal sensation; a longer period of observation would be
preferable. When planning this study, our goal was to perform in-
vivo imaging for 2 months. However, this was not possible due to
poor sustainability of the cranial window. Furthermore, it was dif-
ficult to prevent some animals from tearing off the window. Even
if the window was kept secure, the clarity thereof decreased after 3
weeks, making it impossible to image synapses in vivo. However, as
the spine density, turnover rate, and size plateaued within 3 weeks,
we may have at least captured the first phase of synaptic changes
occurring after sensory deprivation.

In this study, bilateral enucleation enabled us to study synaptic
changes in response to complete sensory deprivation. However, it
may be difficult to partial out the effect of cross-modal plasticity
if sensory deprivation is not complete. Others have attempted to
achieve full sensory deprivation via dark exposure [11,28], cutting
the whiskers [29], or chemically ablating the olfactory epithelium
[30]. Dark exposure may prevent the animal from obtaining clear
visual information, but does not completely eliminate the ascend-
ing visual input or cortical processing of visual information. A
dark environment provides “degraded” visual information and is
thus different from complete sensory deprivation (no visual in-
formation). Bilateral sensory deprivation is also critical, since the
deprived cortex can obtain information from the other (intact)
side. If only one side of olfaction [30] or vision [14] is deprived,
a different form of plasticity may be induced that might rely on
residual iso-modal sensory function, rather than cross-modal sen-
sory function. Bilateral enucleation is the most complete form of
sensory deprivation, which improves the validity of our results.

Although we successfully identified serial structural changes of
dendritic spines in the auditory cortex for 3 weeks after visual de-
privation, there were some shortcomings to this study that must be
addressed. First, we did not evaluate the electrophysiologic neural
activity associated with the neuroplastic changes of the neurons. In
the future we hope to perform a study evaluating the effect of vi-
sual deprivation on the auditory extracellular multi-unit response.
In addition, there was no control group (i.e., mice without enucle-
ation or intact visual function) in this study. However, we tracked
the dendrites in vivo with two-photon microscopes, and assessed
plastic changes 1,2 and 3 weeks after blindness, where the baseline

(before bilateral enucleation) served as the control. Nevertheless,
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the results would be more reliable if compared to control animals.
Also, repeated anesthesia treatment itself may affect dendritic
spines in the auditory cortex, and this cannot be completely ex-
cluded without analyzing control mice.
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