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PURPOSE. Synaptosomal actin dynamics are essential for synaptic structural stability.
Whether actin dynamics are involved in structural and functional synaptic plasticity
within the primary visual cortex (V1) or behavioral visual acuity in rats has still not
been thoroughly investigated.

METHODS. Synaptosome preparation and western blot analysis were used to analyze
synaptosomal actin dynamics. Transmission electron microscopy was used to detect
synaptic density and mitochondrial area alterations. A visual water maze task was applied
to assess behavioral visual acuity. Microinjection of the actin polymerization inhibitor or
stabilizer detected the effect of actin dynamics on visual function.

RESULTS. Actin dynamics, the mitochondrial area, and synaptic density within the area of
V1 are increased during the critical period for the development of binocularity. Microin-
jection of the actin polymerization inhibitor cytochalasin D into the V1 decreased the
mitochondrial area, synaptic density, and behavioral visual acuity. Long-term monocular
deprivation reduced actin dynamics, the mitochondrial area, and synaptic density within
the V1 contralateral to the deprived eye compared with those ipsilateral to the deprived
eye and impaired visual acuity in the amblyopic eye. In addition, the mitochondrial area,
synaptic density, and behavioral visual acuity were improved by stabilization of actin
polymerization by jasplakinolide microinjection.

CONCLUSIONS. During the critical period of visual development of binocularity, synaptoso-
mal actin dynamics regulate synaptic structure and function and play roles in behavioral
visual acuity in rats.
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Actin, a major cytoskeletal protein in the pre- and post-
synaptic terminals, plays a key role in synaptic plas-

ticity by the modulation of its two states, the spherical
actin monomer (G-actin) and filamentous actin polymer (F-
actin).1–4 Actin dynamics-related cortical plasticity has long
been investigated in connection with learning and memory
processes.5–9 Neural development and the processes of
learning and memory share similar molecular and cellular
mechanisms. Synaptic density and actin cytoskeletal dynam-
ics within the visual cortex have been reported to increase
during a critical period of visual development.10,11 However,
during the critical period for the development of binocular-
ity, the roles of actin dynamics in regulating synaptic struc-
ture and function and behavioral visual acuity in rats remain
unclear.

Amblyopia is a disease occurring in infancy and child-
hood related to ocular dominance plasticity and visual
development. Numerous studies have shown that neuro-
transmitters and receptors, such as the N-methyl-D-aspartate
(NMDA)-type glutamate receptor, gamma-amino butyric acid
(GABA), and neurotrophins, among others, are involved in
ocular dominance plasticity.12–14 Actin is also a downstream
molecule of glutamate, GABA, and neuronal growth factors,
which play essential roles during ocular dominance plastic-
ity.13,15–17

In the present study, we hypothesized that synaptosomal
actin dynamics also contribute to the process of visual devel-
opment and the pathogenesis of amblyopia. We addressed
the question of whether or not synaptosomal actin dynam-
ics regulate structural and functional synaptic plasticity
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during postnatal visual development. Moreover, the roles of
actin dynamics in behavioral visual acuity were investigated.
Furthermore, using the classic monocular deprivation (MD)
procedure, we investigated whether or not actin dynamics
correlated with changes in visual acuity during the critical
period for the development of binocularity.

MATERIALS AND METHODS

Subjects

Sprague Dawley (SD) rats of either sex (13 to 45 days old)
were used throughout all experiments. All animals were
maintained in an environment with a temperature of 22 ±
2°C and on a half-day light/dark period with free access
to food and water. All protocols were consistent with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All experiments were permitted by the
Institutional Animal Ethics Committee of the Eye Institute of
the Shandong University of Traditional Chinese Medicine.

Reagents

Cytochalasin D (125 ng/μL in normal saline and 1%
dimethylsulfoxide [DMSO]), anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and anti-actin were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Jasplakinolide (20 ng/μL in normal saline containing 2%
DMSO) was obtained from Invitrogen (Carlsbad, CA, USA).
Mouse anti-NeuN antibody was obtained from Abcam
(Cambridge, UK). Rabbit anti-glial fibrillary acidic protein
(GFAP) antibody was purchased from Cell Signaling Tech-
nology (Danvers, MA, USA), and rabbit anti-IBL-1 antibody
was purchased from Wako Chemicals (Osaka, Japan). Goat
anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 594, and Goat anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
488, were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). AffiniPure Goat Anti-Rabbit secondary antibody
was purchased from Jackson ImmunoResearch (West Grove,
PA, USA).

Model Preparation

To detect the roles of actin dynamics during the critical
period of ocular dominance plasticity, we used the MD
model. As the rats’ eyes were not yet open at postnatal
day (P)13, we performed lid suturing at this time point.
The rats were anesthetized, and the MD model was gener-
ated by sewing the lid of the right eye of each rat with 6-0
silk. Eyelid closure was examined daily until complete heal-
ing had occurred. On P45, the V1 regions of the normal
control and MD groups were evaluated by transmission elec-
tron microscopy (TEM) or synaptosome analysis. To detect
changes in actin dynamics during visual cortical develop-
ment, the visual cortex in another set of normal control rats
was examined on P15, P30, and P45. To detect the effects
of actin dynamics on the development of behavioral visual
acuity, the inhibitor cytochalasin D was microinjected into
the bilateral V1 from P33 to P45 once every 3 days for a
total of five times. To test whether the visual acuity of the
MD eye could be improved by the actin stabilizer jasplaki-
nolide, after the right eyelids were subjected to MD on P13
jasplakinolide was administered into the V1 of the left hemi-

sphere from P33 to P45 once every 3 days for a total of five
times.

Tissue Preparation and TEM Data Analysis

Based on previous reports, we applied a three-step localiza-
tion method to precisely locate the visual cortex.5,6,18 The
monocular area of the V1 (V1M) was recognized accord-
ing to anatomical landmarks. A 3-mm-long V1M tissue block
with a top of 1 mm2 was dissected. Each long side of the
tissue block contained cortical layers I to VI. After post-
fixation, staining with osmium tetroxide, and dehydration,
the tissue block was embedded. Sections (2-μm thick) were
cut from one of the long sides of the embedded tissue
block and stained with toluidine blue for histological local-
ization. Histological staining of the semithin sections also
showed all layers of the visual cortex. Serial 70-nm-thick
ultrathin sections adjacent to the 2-μm histological sections
were applied for ultrastructural localization. Visual fields for
statistical analysis were chosen in the areas around pyrami-
dal neurons in cortical layers IV and V (Supplementary Fig.
S1).

Consecutive 70-nm-thick sections were cut and gathered
on a single-slot grid for photography and analysis. Ten
noncontiguous photographs were taken of sections from
each animal at 10,000× magnification for quantification.
Each photograph contained genuine neuropil regions of at
least 250 μm2. Synapses were defined, and statistical analy-
ses were performed on synaptic density based on definitions
from previous studies.6,19,20 The method of NA/d (where NA
is the number of synaptic profiles per unit area and d is
the average cross-sectional length of synaptic junctions) is
an assumption-based method for synaptic density statistics
that can deduce three-dimensional synaptic density from the
synapse number observed per unit area.19–21 The average
synaptic density from 10 visual fields derived from each
V1M was considered the synaptic density of each animal.
Normal mitochondria containing an outer membrane, inner
membrane, and cristae were included in the statistical anal-
ysis. The average mitochondrial area percentage for all
visual fields of each rat was defined as a percentage for
each rat. Data analysis was performed with ImageJ software
(National Institutes of Health, Bethesda, MD, USA). Each
group contained at least three animals.

Synaptosome Preparation and Western Blot
Analysis

Immediately after the rat brains had been removed at the
designed time points, coronal brain sections were gener-
ated with the help of a matrix (RWD Life Science, Guang-
dong, China). Based on anatomic location,22 V1 tissue blocks
were obtained and frozen in liquid nitrogen. Before synap-
tosomal extraction, all tissues were kept at –80°C. Synap-
tosomal extraction and actin separation were performed as
described in previous reports.6,8,23 Briefly, synaptosomes, as
an organelle, were isolated by sucrose differential centrifu-
gation. The separation of synaptosomal polymerized fila-
mentous actin (F-actin) and monomeric actin (G-actin) was
based on the fact that the reactions of F-actin or G-actin to
detergent at different strengths differ. G-actin is soluble in
1% Triton X-100, whereas F-actin is not; however, F-actin
is soluble in 1% SDS. Therefore, synaptosomal F-actin and
G-actin were separated by centrifugation. Each sample for
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western blot analysis contained the V1s of seven rats with-
out distinguishing between V1M and V1B. No fewer than
three samples were analyzed for each group.

Electrophoresis on 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gels was
carried out for 45 minutes. Proteins were then transferred
to a polyvinylidene fluoride membrane at 110 V at 4°C for
1.5 hours (Bio-Rad Laboratories, Hercules, CA, USA). The
details of the western blot experiment were as follows:
incubation with 5% nonfat milk for 1 hour, incubation
with primary antibodies against actin (1:1000) or GAPDH
(1:14,000) for over 16 hours at 4°C, and incubation with
secondary antibodies (1:5000) for 1 hour at 25°C, after
which primary and secondary antibodies were removed
by washing three times in Tris-buffered saline with 0.1%
Tween 20 detergent (TBST), and proteins were identified
via an enhanced chemiluminescent system (MilliporeSigma,
Burlington, MA, USA). The immunopositive bands were
scanned and quantified using ImageJ software. The total
actin immunoreactivity and F-actin/G-actin ratio on P15
were set at 1.0, and the levels at P30 and P45 were normal-
ized to the relevant values at P15. To discover the effect
of MD on actin dynamics, the level at P45 was set as 1.0,
and values in the MD eye and MD fellow eye groups were
normalized to the relevant values at P45. To discover the
effects of cytochalasin D or jasplakinolide treatment on
actin dynamics, the level in the vehicle group was set at 1.0,
and the levels in the groups administered cytochalasin D or
jasplakinolide were normalized to the relevant values in the
vehicle group.

Surgical Procedures and Microinjection

SD rats (30 days old) were anesthetized, trained in a RWD
8001 stereotaxic apparatus (RWD Life Science), and surgi-
cally implanted with unilateral or bilateral guide cannulas
to the visual cortex, depending on the behavioral proce-
dure; coordinates relative to the bregma were anteroposte-
rior (AP), –6.0 mm; lateral (L), ±3.0 mm; and ventral (V),
–1.0 mm.22 The first target microinjections were carried out
after 3 days of recovery. One microliter of cytochalasin D
(125 ng/μL) or jasplakinolide (20 ng/μL) was injected into
the V1 with a microinfusion pump (KD Scientific, Holliston,
MA, USA) at the designated times. The animals were fixed
and subjected to microinjections under conscious conditions
without anesthesia. Infusion was carried out at a rate of
1.0 μL/min.

Behavioral Visual Acuity Test

Behavioral visual acuity was assessed on P45 by apply-
ing the visual water maze task according to the protocol
in a previous article.24 A two-channel water maze contain-
ing two computer-controlled monitors at the end of each
arm served as the basic setup. Grates with various spatial
frequencies and a gray field were chosen as visual stimuli.
The two stimuli randomly appeared on one of the two moni-
tors. A transparent acrylic escape platform was immersed
under the water below the monitor showing the grate. Rats
were trained to associate swimming to the platform with
escape from the water. The rats were trained to differen-
tiate a vertical grate with a spatial frequency of 0.1 cycles
per degree from the gray field and to correlate the trans-
parent acrylic escape platform with the grate. The limits of
the rats’ recognition of gates with a higher spatial frequency

were explored. Visual acuity was designated as the spatial
frequency at which 70% of choices were correct.24

Immunofluorescence Histochemical Analysis

SD rats, 30-days old, were randomly divided into vehicle and
cytochalasin D groups. The rats were fixed with a stereotac-
tic apparatus after respiratory anesthesia (RWD Life Science).
Based on the coordinates (AP, –6.0 mm; L, ±3.0 mm; and V,
–1.0 mm), the catheter was transplanted into the V1. From
P33 to P45, a WPI microinjection syringe pump (World Preci-
sion Instruments, Sarasota, FL, USA) was used to microinject
cytochalasin D (125 ng/μL in normal saline and 1% DMSO)
or vehicle (saline containing 1% DMSO). The dose at each
side was 1 μg. The speed of administration was 300 nL/min.
The drug was kept for 3 minutes after each administration.
The frequency of administration was once every 3 days and
was given a total of five times. Perfusion was performed 1
hour after the last administration. The anesthetized rats were
perfused with 0.9% NaCl and then with 4% paraformalde-
hyde in 0.1-M PBS. The brain was stored in 4% paraformalde-
hyde for 6 to 8 hours at 4°C, then transferred to 30% sucrose
with 0.1-M PBS and stored at 4°C for 5 to 7 days. Based on
anatomic location, the position of the visual cortex in the
coronal plane of the brain was determined, and 40-μm-thick
slices were cut using a freezing sliding microtome (Leica,
Wetzlar, Germany); one coronal slice was collected every 240
μM. There were no fewer than eight slices in each set of slices
of visual cortex. A similar set of brain slices was taken for
immunofluorescence analysis in the vehicle or cytochalasin
D groups.

After three times of washing with TBS, the brain slices
were incubated in the block solution, which contained 10%
goat serum and 0.3% Triton X-100 at room temperature for 2
hours. Next, the slices were incubated with rabbit anti-GFAP
antibody (1:200) or mouse anti-NeuN antibody (1:1000) at
4°C for 24 hours or with rabbit anti-IBL-1 antibody (1:100)
at 4°C for 48 hours. Then, after washing three times in
TBS, the sections for GFAP and Ionic calcium Binding
Adaptor molecule-1 (IBA-1) immunohistochemistry detec-
tion were incubated with Alexa Fluor 488-conjugated Goat
anti-Rabbit Secondary Antibody (1:100) at room temperature
for 3 hours. The sections for NeuN detection were incubated
with Alexa Fluor 594-conjugated Goat anti-Mouse Secondary
Antibody (1:500) at room temperature for 2 hours. The slices
were washed three times with TBS and attached to the
glass slides. Then, the anti-fluorescence quenching agent
was added to the slide, and the cover glass was covered.
According to the cortical anatomic location, V1M and V1B
of both sides were analyzed via fluorescence microscope
(Olympus, Tokyo, Japan). The visual field was selected in
the middle of each V1M or V1B region and photographed
under a fluorescence microscope. Each side (left or right) of
the brain region (V1M/V1B) in a rat was taken as one sample.
No fewer than eight photographs within each sample and
no fewer than 32 photographs of each animal were taken.
The percentage of the antibody positive-expression regions
of each photograph was calculated using the Nikon NIS-
Elements AR image analysis software. The average of all
of the photographs in each side of the brain area of each
animal was the value of this sample. SPSS Statistics 17.0
(IBM, Armonk, NY, USA) was used to analyze the data FOR
THE two groups of animals. Representative photos were also
taken under the confocal laser scanning microscope (Carl
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FIGURE 1. Alterations in synaptosomal actin dynamics during visual cortical development. (A) The levels of synaptosomal F-actin/G-actin in
the V1 during visual development (on P15, P30, and P45) determined by immunoblotting. (B) Effect of development on total synaptosomal
actin expression. Statistical values are shown as the mean ± SEM. At least three samples from each group were assessed. Each sample
consisted of the visual cortices of seven rats (**P < 0.01 vs. P15 group; *P < 0.05 vs. P30 group).

Zeiss, Jena, Germany) in Experimental Center of Shandong
University of Traditional Chinese Medicine.

Statistical Analyses

Statistical analyses of the data were carried out via SPSS
Statistics 17.0. Statistical significance was evaluated by t-test
or one-way analysis of variance. All parameters are described
as the mean ± SEM. Differences for which P < 0.05 were
considered statistically significant.

RESULTS

Alterations in Actin Dynamics, Synaptic Density,
and Mitochondrial Area During Visual Cortical
Development

A previous electron microscopic study demonstrated that
synaptic densities within the visual cortices of rats increased
dramatically over the first 4 postnatal weeks and remained
stable until P90.10 Similarly, it was also reported that the
total concentration of F-actin in the visual cortex peaks at
approximately P30.11 Nonetheless, few experimental studies
have simultaneously explored these two indices.

Actin, the primary element of synaptic filaments in the
spine head, and actin dynamics play essential roles in synap-
tic plasticity.2–8 Whether actin dynamics regulate synapse
formation during visual cortical development is still not well
known. We first quantitatively investigated changes in the
equilibrium between synaptosomal polymerized F-actin and
monomeric G-actin in the V1 (both the V1M and V1B). Figure
1A demonstrates that the normalized F-actin/G-actin ratio in
the V1 reached its highest value at P30. Interestingly, after
reaching an inflection point at P30, this ratio was signifi-

cantly decreased on P45, F(2, 6) = 7.550, P < 0.05 (post hoc
analysis, P30 vs. P15, P < 0.01; P45 vs. P30, P < 0.05). To
exclude the possibility that these alterations were derived
from changes in actin expression, total actin expression was
also investigated. The levels of total actin did not change
significantly during visual development, indicating that the
balance between F-actin and G-actin, but not actin protein
expression, changed during postnatal visual development
(Fig. 1B).

In rodents, the V1M receives visual messages from the
contralateral eye and responds to stimulation of the periph-
eral visual field, whereas the binocular response area (V1B)
receives visual input from both eyes and responds to stimu-
lation of the central area of the visual field.25,26 We analyzed
the density of synapses in the V1M on P15, P30, and P45,
which showed an increased synaptic density on P30 and P45
compared with P15. However, the synaptic density between
P30 and P45 remained stable, F(2, 8) = 22.366, P < 0.01 (post
hoc analysis, P30 vs. P15, P < 0.01; P45 vs. P15, P < 0.01)
(Fig. 2). The synaptic density within the V1B (cortical layers
IV–V) between P30 and P45 also illustrated no significant
difference.18

In addition to its role as an essential building block
for synapse formation, actin is also located at the spine
neck, where it promotes efficient synaptic transmission via
regulation of the speed with which neurotransmitter recep-
tors relay messages to the postsynaptic membrane.27–29

The degree of actin dynamics also reflects the functions
of neurotransmitters and proteins at synapses. Mitochon-
dria are closely related to synaptic function, and, to some
extent, their content can reflect the plasticity of synapses.
The area of normal mitochondria under TEM can also be
used as an index of mitochondrial function under physio-
logical or pathological conditions.30–35 To clarify alterations
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FIGURE 2. Alterations in synaptic density and mitochondrial area in the V1M during visual cortical development are shown. (A–C) TEM
images demonstrating synapses and mitochondria in layers IV and V of the V1M on P15, P30, and P45. Black arrows indicate synapses, and
a white asterisk in each photograph indicates a mitochondrion. (D) Statistical analysis of synaptic density and mitochondrial area. Statistical
values are shown as the mean ± SEM; n = 3 to 7 for each group (**P < 0.01 vs. P15 group).

in actin dynamics and synaptic density from P30 to P45,
we analyzed changes in the mitochondrial area during
visual development. Interestingly, the mitochondrial area
also increased and showed an inflection point at approx-
imately P30, F(2, 6) = 18.810, P < 0.01 (post hoc analy-
sis, P30 vs. P15, P < 0.01; P45 vs. P15, P < 0.05; P45
vs. P30, P < 0.05) (Fig. 2), which was consistent with the
pattern of changes in actin dynamics. The above results
demonstrated that synaptosomal actin dynamics may be
related to synaptic structure and function within the visual
cortex.

Actin Dynamics Are Essential for the
Development of Behavioral Visual Acuity

The above experiments demonstrated that actin dynamics,
synaptic density, and mitochondrial area in the V1 increased
during a critical period; however, the question of whether
actin dynamics regulate structural and functional synaptic
plasticity during visual development still required further
investigation, as well as determining whether actin dynam-
ics are essential to the degree of visual acuity. To answer
these questions, cytochalasin D was injected into the V1
from P33 to P45. Cytochalasin D functions by binding the
polymerizing end of F-actin and decreasing the polymer-
ization and depolymerization rates.30 Cytochalasin D was
administered by microinjection once every 3 days for a total
of five times. At this dose, the drug did not disrupt or
break down the existing circuits, including dendrites and
axons.5–7,31 After the administration of cytochalasin D five
times, the rats’ visual acuity was quantitatively assessed in
the visual water maze. The behavioral visual acuity exper-
iments were designed based on a previous report.24 As
demonstrated in Figure 3, analysis of the behavioral visual
acuity data by t-test revealed a significant reduction in visual
acuity in the cytochalasin D–treated group compared with
the vehicle control group, t(8) = 4.785, P < 0.05. This result

suggests that actin dynamics correlate with changes in visual
acuity during the period of development of binocularity. To
investigate whether actin dynamics regulate structural and
functional synaptic plasticity during visual development, the
visual cortices of vehicle-treated and cytochalasin D–treated
animals were collected for western blot analysis. As demon-
strated in Figure 4A, cytochalasin D injection significantly
reduced the synaptosomal F-actin/G-actin ratio within the
visual cortex, t(4) = 10.594, P < 0.01; however, the total
actin levels showed no significant difference. Furthermore,
the V1M regions of the vehicle- and cytochalasin D–injected
animals were collected for TEM analysis, which revealed a
significant reduction in synaptic density and mitochondrial
area within the V1M of the cytochalasin D–injected rats:
synaptic density, t(6) = 3.555, P < 0.05; mitochondrial area,
t(4) = 3.5, P < 0.05 (Fig. 4B). To make it clear whether the
treatment with cytochalasin D could degrade visual acuity,
synaptic density, and mitochondrial area through some cyto-
toxic/inflammatory mechanisms, cytochalasin D or vehicle
was microinjected into the V1 of the different sets of rats
from P30 to P45. At P45, the brains were dissected for
immunofluorescence histochemical analysis of the NeuN-
positive neurons, GFAP-positive astrocytes, and IBA-positive
microglia. It showed that there were no significant differ-
ences between the vehicle and cytochalasin D groups in the
area percentage of the NeuN-, GFAP-, and IBA-positive cells,
whether in the V1M or V1B: neurons in the V1M, t(5) = 0.787,
P > 0.05; astrocytes in the V1M, t(5) = –0.742, P > 0.05;
microglia in the V1M, t(5) = –2.132, P > 0.05; neurons in
the V1B, t(5) = –1.923, P > 0.05; astrocytes in the V1B, t(5)
= 0.078, P > 0.05; microglia in the V1B, t(5) = –1.332, P
> 0.05 (Fig. 5). The results indicated that microinjection of
cytochalasin D (125 ng/μL, 1 μL) could not induce cytotox-
icity or inflammation within the primary visual cortex. All
of the above results indicated that actin dynamics correlated
with synaptic changes in V1, and elimination of these actin
changes plays a role in the development of visual acuity
during this critical time period.



Roles of Synaptosomal Actin Dynamics in Visual Acuity IOVS | June 2021 | Vol. 62 | No. 7 | Article 20 | 6

FIGURE 3. Actin dynamics are necessary for the development of behavioral visual acuity during visual development. (A) Schematic of
the experimental design. (B) Microinjection of cytochalasin D (125 ng per visual cortex) into the binocular visual cortex on P30 to P45
prevented the development of behavioral visual acuity. Statistical values are shown as the mean ± SEM; n = 3 to 5 for each group (*P <

0.05 vs. vehicle-treated group).

FIGURE 4. Actin dynamics regulate structural and functional synaptic plasticity in the visual cortex. (A) Western blot analysis of synaptosomal
total actin and F-actin/G-actin in the V1 of vehicle-treated or cytochalasin D–treated animals. Statistical values are shown as the mean ±
SEM. At least three samples from each group were assessed. Each sample consisted of the visual cortices of seven rats. (B) Representative
visual fields illustrate synaptic density and mitochondrial area in the V1M of the vehicle-treated and cytochalasin D–treated groups. Black
arrows indicate synapses, and a white asterisk in each photograph indicates a mitochondrion. Statistical values are shown as the mean ±
SEM. Each group consisted of three to four rats (*P < 0.05, **P < 0.01 vs. vehicle group).
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FIGURE 5. Alterations in the quantity of neurons, astrocytes, and microglia in the V1 of rats after vehicle or cytochalasin D microinjection
from P30 to P45. (A–R) Fluorescence microscopy showed changes in the number of neurons, astrocytes, and microglia in the V1 of two
groups of rats. Shown are NeuN-positive neurons (A–C), GFAP-positive astrocytes (D–F), and IBA-positive microglia (G–I) in the V1M of
rats after being microinjected with vehicle or cytochalasin D. Alterations in the neurons (J–L), astrocytes (M–O), and microglia (P–R) are
shown in the V1B of rats after being injected with vehicle or cytochalasin D. Statistical values are shown as the mean ± SEM; n = 6 for
each group. (a–d) Representative confocal laser scanning microscope images of neurons in the V1M and V1B in the vehicle- or cytochalasin
D–microinjected group. (e–h) Representative confocal laser scanning microscope images of astrocytes in the V1M and V1B in the vehicle
control and cytochalasin D groups. (i–l) Representative visual fields of microglia in the V1M and V1B observed under confocal laser scanning
microscope. Scale bars: 50 μm.
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FIGURE 6. Effect of MD on behavioral visual acuity. (A) Schematic
of the experimental design. (B) MD from P13 to P45 reduced the
visual acuity of the deprived eye compared with the control eye in
the P45 control group. Statistical values are shown as the mean ±
SEM. Each group consisted of seven to eight rats (**P < 0.01 vs. P45
group).

MD Altered Actin Dynamics-Related Changes in
Synaptic Structure and Function in the Bilateral
Visual Cortex

Amblyopia is a disease closely related to visual develop-
ment. Because the above experiment showed that synap-
tosomal actin dynamics play a role in the development of
visual acuity, whether actin dynamics-related structural and
functional plasticity is involved in the development of ambly-
opia remained unknown. Next, we explored this possibil-
ity using a long-term MD model.32,36–40 The right eyelids of
the rats were sutured shut on P13 and reopened on P45,
and behavioral visual acuity of the right eye was tested. As
shown in Figure 6, analysis of the behavioral visual acuity
data by t-test revealed a significant reduction in visual acuity
in the right eye at P45 in the monocular deprivation group
compared with the control group, t(13) = 13.471, P < 0.01. As
MD caused a decrease in visual acuity, we wondered whether
it affected actin dynamics, the mitochondrial area, or synap-
tic density in the visual cortex. Different groups of rats were
chosen and used to analyze actin dynamics and ultrastruc-
tural changes. Interestingly, as illustrated in Figure 7A, the
synaptosomal F-actin/G-actin ratio in the V1 contralateral
to the deprived eye at P45 was not significantly different
from that in the control group. However, MD significantly
decreased actin dynamics in the visual cortex contralateral
to the deprived eye compared with those in the nondeprived
eye in the same animal. In addition, the F-actin/G-actin ratio
in the visual cortex contralateral to the nondeprived eye at
P45 was significantly higher than that in the control group,
F(2, 6) = 8.788, P < 0.05 (post hoc analysis, MD eye vs. MD
fellow eye group, P < 0.01; MD fellow eye vs. control group
at P45, P < 0.05). The V1M regions contralateral or ipsilat-
eral to the deprived eye were also collected for TEM anal-
ysis, which revealed a significant decrease in the synap-

tic density and mitochondrial area in the V1M contralat-
eral to the deprived eye compared with that contralateral
to the fellow eye: synaptic density of nondeprived eye, t(4)
=3.808, P < 0.05; mitochondrial area, t(4) = –4.426, P < 0.05
(Fig. 7B).

Stabilization of Actin Polymerization Promoted
the Recovery of Visual Acuity in Amblyopic Rats
and Increased Actin Dynamics, Mitochondrial
Area, and Synaptic Density in the V1 Driven by
the Deprived Eye

Because long-term MD decreased actin dynamics and synap-
tic plasticity in the visual cortex contralateral to the deprived
eye compared with that contralateral to the nondeprived
eye (ipsilateral to the deprived eye), conversely, could a
pharmacological-induced increase in actin polymerization
reverse these synaptic alterations? Moreover, because an
actin polymerization inhibitor reduced visual acuity, could
jasplakinolide, an agent that stabilizes actin polymerization,
improve visual acuity in the deprived eye?41,42 To address
these questions, the right eyelids of the rats were sutured
shut on P13, and on P30 jasplakinolide or vehicle was
microinjected into the V1 of the left hemisphere of rats in
the two groups. Microinjection was conducted once every 3
days for a total of five times. Jasplakinolide prevents filament
depolymerization and shifts the equilibrium from monomer
toward filaments.43–45 The dose of jasplakinolide mentioned
in this manuscript has been proven to improve learning
and memory abilities of rats and mice via stabilization of
actin filaments.6,42 On P45, the eyelids were reopened, and
behavioral visual acuity in each eye was tested. As shown
in Figure 8, data from the MD + vehicle group and MD +
jasplakinolide group illustrated that visual acuity of the MD
eye was significantly decreased compared with that of the
fellow eyes. However, jasplakinolide microinjection signifi-
cantly improved visual acuity in amblyopic eyes compared
with vehicle-treated MD control eyes, F(3, 16) = 105.635, P <

0.01 (post hoc analysis, MD eye vs. fellow eye in the MD +
vehicle group, P < 0.01; MD eye vs. fellow eye in the MD +
jasplakinolide group, P < 0.01; MD eye in the MD + vehicle
group vs. MD eye in the MD + jasplakinolide group, P <

0.01). To determine whether jasplakinolide could rescue the
decreases in actin filament polymerization, the mitochon-
drial area, and synaptic density within the V1 during long-
term MD, the V1 tissue of vehicle- and jasplakinolide-treated
amblyopic animals was taken 2 hours after the last microin-
jection for analysis of synaptosomal actin dynamics through
western blot assay. As shown in Figure 9A, jasplakinolide
injection induced a significant increase in the synaptoso-
mal F-actin/G-actin ratio, t(4) = 15.790, P < 0.01. The V1M
areas of rats in the MD + vehicle and MD + jasplakinolide
groups were also taken for TEM analysis, which showed
that the synaptic density and mitochondrial area in the
V1M of the jasplakinolide-treated group were significantly
increased: synaptic density, t(6) = 4.005, P < 0.01; mitochon-
drial area, t(8) = –4.651, P < 0.01 (Fig. 9B). These results
showed that the injection of an actin polymerization stabi-
lizer partly improved visual acuity in the amblyopic eye and
increased synaptic density and mitochondrial area in the V1
driven by the deprived eye, suggesting that actin dynam-
ics regulate structural and functional synaptic plasticity and
contribute to the formation of amblyopia.



Roles of Synaptosomal Actin Dynamics in Visual Acuity IOVS | June 2021 | Vol. 62 | No. 7 | Article 20 | 9

FIGURE 7. Effects of MD on actin dynamics, synaptic density, and mitochondrial area in the V1. (A) Total synaptosomal actin and the F-
actin/G-actin ratio in the V1 at P45 in the control group, cortex contralateral to the amblyopic eye (MD eye), and cortex contralateral to the
fellow (nonamblyopic) eye (fellow eye) were determined by immunoblotting. Statistical values are shown as the mean ± SEM; n = 3 for
each group. Each sample contained V1 tissue from seven rats (**P < 0.01 vs. MD eye group). (B) Representative TEM image demonstrating
synapses and mitochondria in cortical layers IV and V of the V1M driven by the MD eye and fellow eye. Synapses are indicated by arrows.
In each photograph, a representative mitochondrion is indicated by a white asterisk. Scale bar: 1 μm. The synaptic densities in the V1M
driven by the MD eye and the fellow eye were estimated. Statistical values are shown as the mean ± SEM. At least three samples from each
group were assessed (*P < 0.05 vs. MD eye group).

FIGURE 8. Stabilization of actin polymerization partly improved visual acuity in the amblyopic eye. (A) Schematic of the experimental design.
(B) Behavioral visual acuity was detected after microinjection of jasplakinolide or vehicle into the V1 driven by the deprived eye. Statistical
values are shown as the mean ± SEM; n = 5 for each group (##P < 0.05 vs. MD + vehicle group; **P < 0.05 vs. fellow eye group).
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FIGURE 9. Stabilization of actin polymerization partly increased the synaptic density and mitochondrial area in the V1M contralateral to the
deprived eye. (A) Western blot analysis showing the normalized levels of synaptosomal total and F-actin/G-actin ratios in the V1 of the MD
+ vehicle and MD + jasplakinolide groups. Statistical values are shown as the mean ± SEM. At least three samples from each group were
assessed. Each sample consisted of the visual cortices of seven rats. (B) Representative visual fields illustrate synapses and mitochondria
in the V1M of cortical layers IV and V of the MD + vehicle and MD + jasplakinolide groups. Black arrows indicate synapses, and a white
asterisk in each photograph indicates a mitochondrion. Statistical values are shown as the mean ± SEM; n = 3 to 5 for each group (**P <

0.01 vs. MD + vehicle group).

DISCUSSION

The present study provides a new perspective on the roles
of actin dynamics in development of the visual cortex and
the pathogenesis of amblyopia.

First, we found that actin dynamics regulate synapse
formation, reflect functional synaptic plasticity in the visual
cortex, and are required for the development of visual
acuity. Actin dynamics are essential for synaptic func-
tion and play important roles in the stages of learning
and memory.5–9 Previous reports have demonstrated actin
dynamics and synaptic alterations in the visual cortex.10,11

However, whether synaptosomal actin dynamics regulate
synaptic plasticity or play a role in visual function has not
been thoroughly investigated. In the present study, injection
of an actin polymerization inhibitor into the V1 significantly
decreased synaptic density, demonstrating that actin dynam-
ics are an upstream regulator of synaptic density during
visual development. Moreover, cytochalasin D microinjec-
tion into the V1 significantly impaired behavioral visual
acuity. Interestingly, during the specific period from post-
natal day 30 to 45, synaptosomal actin dynamics and synap-
tic density were differentially altered, indicating that alter-
ations in synaptic density and actin dynamics do not follow
the same trend.18 Here, we further found that actin dynam-
ics and mitochondrial area within the axon and dendrite
terminals of neurons are related. Mitochondria are energy
factories that provide adenosine triphosphate for cellular
activities. Actin polymerization and depolymerization them-
selves require energy. In addition, the dynamics of actin in
the spine neck can promote the movement of functional
proteins to the synaptic membrane, which also requires
energy provided by mitochondria. Actin dynamics and mito-
chondrial area may occur simultaneously but not show a
causal relationship. However, cytochalasin D microinjection

into the V1 significantly decreased the mitochondrial area,
indicating that, to some extent, a change in the mitochon-
drial content in nerve endings can reflect actin dynamics-
related functional synaptic plasticity. The time at which actin
dynamics peak, P30, may represent the peak of functional
synaptic plasticity during the critical period of visual devel-
opment in rats.

Second, we demonstrated that actin dynamics-related
synaptic plasticity contributes to amblyopia formation. The
monocular deprivation model is not only the gold stan-
dard for modeling amblyopia but also a classical model
for the study of ocular dominance plasticity. Although
ocular dominance plasticity has been widely studied, and
some molecules and molecular mechanisms, including
NMDA receptors, GABA, neurotrophic factors, intracellular
signaling pathways, extracellular matrix, and gene regula-
tion,12–16,46–51 have been demonstrated to participate in this
type of plasticity, synaptic plasticity of the visual cortex at the
ultrastructural level and its related molecular mechanisms
have not been thoroughly investigated. In the present study,
we found that MD induced significant decreases in synapto-
somal actin dynamics, the mitochondrial area, and synaptic
density in the visual cortex contralateral to the amblyopic
eye compared with that contralateral to the nonamblyopic
eye and impaired behavioral visual acuity. The actin poly-
merization stabilizer jasplakinolide partly increased actin
dynamics, the mitochondrial area, and synaptic density, as
well as visual acuity. These results suggest that during the
development of amblyopia, actin dynamics-related structural
synaptic density decreases, resulting in a deficit in visual
acuity. The actin dynamics-related parameters of MD further
provided evidence that actin dynamics are involved in visual
cortical development, which is also activity dependent. A
similar decrease in synaptic density during monocular depri-
vation has been reported.52,53 MD was reported to decrease
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the expression of cardiac troponin C, an upstream regulator
of actin dynamics, in the mouse visual cortex driven by the
deprived eye compared with the nondeprived eye, which is
also consistent with our actin dynamics results.53 Notably, no
difference in actin dynamics at P45 between the visual cortex
contralateral to the amblyopic eye and the normal eye was
shown. This may have been because of compensation from
the nonamblyopic eye in the V1B, during which responses
from the closed eye are reduced, whereas responses from
the open eye are enhanced.54,55 Espinosa and Stryker spec-
ulated that 4 weeks of MD decreased responses from the
deprived eye to the visual cortex but increased responses
from the fellow eye. In addition, the connections in all corti-
cal layers were increased.56 Our present experimental results
further indicated enhanced actin dynamics in cells respond-
ing to the nondeprived eye and binocular projections to the
V1B from the nondeprived eye may have contributed to this
absence of a difference between the visual cortex contralat-
eral to the deprived eye and the normal control at P45.

Overall, we found that synaptosomal actin dynamics
regulate structural and functional synaptic plasticity and play
essential roles in the development of visual acuity. Notably,
microinjection of the actin polymerization stabilizer jasplaki-
nolide partly improved the changes in synaptic density and
visual acuity in MD rats. In the future, the molecules that
directly regulate actin dynamics in the visual cortex will be
explored, and interventions at these novel targets may be
useful as effective amblyopia treatments.
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