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Abstract

Background: Electroconvulsive therapy is a fast-acting and efficient treatment of depression used in the clinic. The underlying
mechanism of its therapeutic effect is still unclear. However, recovery of synaptic connections and synaptic remodeling is
thought to play a critical role for the clinical efficacy obtained from a rapid antidepressant response. Here, we investigated
the relationship between synaptic changes and concomitant nonneuronal changes in microvasculature and mitochondria
and its relationship to brain-derived neurotrophic factor level changes after repeated electroconvulsive seizures, an animal
model of electroconvulsive therapy.

Methods: Electroconvulsive seizures or sham treatment was given daily for 10 days to rats displaying a genetically driven
phenotype modelling clinical depression: the Flinders Sensitive and Resistant Line rats. Stereological principles were
employed to quantify numbers of synapses and mitochondria, and the length of microvessels in the hippocampus. The brain-
derived neurotrophic factor protein levels were quantified with immunohistochemistry.

Results: In untreated controls, a lower number of synapses and mitochondria was accompanied by shorter microvessels
of the hippocampus in “depressive” phenotype (Flinders Sensitive Line) compared with the “nondepressed” phenotype
(Flinders Resistant Line). Electroconvulsive seizure administration significantly increased the number of synapses
and mitochondria, and length of microvessels both in Flinders Sensitive Line-electroconvulsive seizures and Flinders
Resistant Line-electroconvulsive seizures rats. In addition, the amount of brain-derived neurotrophic factor protein
was significantly increased in Flinders Sensitive Line and Flinders Resistant Line rats after electroconvulsive seizures.
Furthermore, there was a significant positive correlation between brain-derived neurotrophic factor level and
mitochondria/synapses.
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Significance Statement

by BDNF level elevation.

Synaptic transmission is the main energy-consuming process in the brain, and in addition synthesis of new neuropil (such
as synaptogenesis and neurogenesis) imposes additional metabolic demands. Therefore, changes in mitochondrial and micro-
vascular support might be expected in association with changes in neuropil. Moreover, BDNF is a well-known neurotrophic
factor with a critical function in neuronal plasticity and regulation of mitochondrial transport and distribution. However, little
is known about the role of mitochondrial and vascular changes and its relationship to synaptic plasticity. In the present study,
we investigated whether synaptic plasticity induced by repeated ECS, a model for the clinically validated seizure treatment, is
associated with enhanced metabolic activity by morphological alterations of the microvessels and mitochondria accompanied

Conclusion: Our results indicate that rapid and efficient therapeutic effect of electroconvulsive seizures may be related to
synaptic plasticity, accompanied by brain-derived neurotrophic factor protein level elevation and mitochondrial and vascular

support.
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Introduction

Electroconvulsive therapy (ECT), with the corresponding animal
model electroconvulsive seizures (ECS), is a fast-acting and effi-
cient treatment of depression used in the clinic (Ren et al., 2014).
However, the underlying mechanism of its therapeutic effect is
still poorly understood. Recent studies suggest that recovery of
synaptic connections and synaptic remodeling is critical for the
clinical efficacy obtained from a rapid antidepressant response
and is not mediated entirely via neurogenesis (Li et al., 2010a,
2011; Kang et al., 2012). Growing evidence suggests that disrup-
tion of synaptic plasticity results in destabilization and loss of
synaptic connections in depression (Popoli et al., 2002; Duman,
2004; Ardalan et al., 2017; Vose and Stanton, 2017). Animal studies
have demonstrated changes in synapse type and number after
antidepressant treatment in hippocampus (Chen et al., 2008, 2009,
2010; Hajszan et al., 2009a, 2010); Ardalan et al., 2017). Fluoxetine
and S-ketamine induce rapid hippocampal synaptogenesis in the
CA1l (Hajszan et al., 2009a; Ardalan et al., 2017), whereas onset
of Dentate Gyrus (DG) neurogenesis often happens 3 to 4 weeks
after treatment (Kodama et al., 2004; Marcussen et al., 2008).

A postmortem morphometric study has recently reported a
decrease in the number of synapses in the dorsal lateral pre-
frontal cortex and a corresponding decrease in several synapse-
related proteins in a small cohort of major depressive disorder
(MDD) patients (Kang et al., 2012). However, any synthesis of new
neuropil (such as synaptogenesis and neurogenesis) in these
regions imposes additional metabolic demands, and synap-
tic transmission is the main energy-consuming process in the
brain (Jonas, 2013; Obashi and Okabe, 2013). Therefore, some cor-
responding changes in mitochondrial and microvascular sup-
port might be expected in association with changes in neuropil.
Moreover, brain-derived neurotrophic factor (BDNF) is a well-
known neurotrophic factor with a critical function for neuronal
plasticity and regulation of mitochondrial transport and distri-
bution (Yoshii and Constantine-Paton, 2010; Su et al., 2014a) and
therefore, changes in BDNF could also be possible.

Mitochondria play important roles in controlling fundamen-
tal processes of neuroplasticity (Mattson et al., 1999, 2008; Ruthel
and Hollenbeck, 2003), and altered mitochondrial function has
been implicated in alterations of synaptic plasticity (MacAskill
et al., 2010; Sun et al., 2013). Growing evidence from electron
microscopy, imaging, and genetic studies suggest that mito-
chondrial dysfunction and abnormal mitochondrial structure

in neurons is implicated in psychiatric disorders (schizophre-
nia, bipolar disorder, and MDD) (Shao et al., 2008; Shao and
Vawter, 2008; Scaglia, 2010; Cataldo et al., 2010; Chen et al., 2013).
Vascular plasticity is another important structural mechanism
regulating the replication, survival, and differentiation of cells.
Impairments of vascular plasticity of the hippocampus have
been shown in hippocampal subregions in animal models of
depression (Czeh et al., 2010; Ardalan et al., 2016, 2017), and, more
interestingly, the counteracting effect of antidepressant treat-
ment on vascular plasticity of hippocampus has been observed
(Newton et al., 2006; Ardalan et al., 2016). Furthermore, research
has revealed that the brain-specific angiogenesis inhibitor plays
an important role in synaptogenesis and/or function (Duman
et al., 2013; Stephenson et al., 2013). Moreover, one postmortem
study supports the hypothesis that antidepressants increase
human hippocampal angiogenesis (Boldrini et al., 2012).

This study was designed to test the hypothesis that the
mechanism underlying rapid antidepressant effect of ECS in a
genetic animal model of depression, the Flinders Sensitive Line
(FSL) and their controls, the Flinders Resistant Line (FRL) rats
(Overstreet et al., 2005), is integrating synaptic plasticity and
nonneuronal plasticity (vascular and mitochondria). It can be
speculated that synaptic plasticity is associated with enhanced
metabolic activity by morphological alterations of the microves-
sels and mitochondria accompanied by BDNF level elevation.

Materials and Methods

The treatment and preparation of the tissue has been presented
elsewhere (Kaae et al., 2012).

Animals

Adult male FSL (n=12, 6/ECS, 6/sham) and FRL (n=12, 6/ECS, 6/
sham) rats (180-200 g) from breeding colonies maintained in the
animal quarters of Translational Neuropsychiatry Unit, Aarhus
University Hospital were kept on a normal 12-hour-light/-dark
cycle and had free access to food and water. The study protocol
was approved by the Danish animal ethics committee (approval
no. 2007/561-1378).

Animals were treated once daily for 10 days every day at
9 aMm. ECS was given via ear clip electrodes using 55 to 70 mA



in 0.5 seconds at a frequency of 100 Hz square wave pulses
(UgoBasile). All ECS-treated rats were monitored for seizures
ensuring that clonic movements of the face and forelimbs lasted
for at least 10 seconds. The sham-treated group was exposed
to the same procedure without current passed. The behavioral
assessment in the porsolt swim test (Porsolt et al., 1978) of the
animals investigated has been reported elsewhere (Kaae et al,,
2012). Despite a recent study showing that the methodological
application of ECS applied in the current work needs to be
refined and may result in microfractures in the skeletal system
of the animals (Ekemohn et al., 2017) due to omission of a mus-
cular relaxant, the morphological and molecular findings in the
present work should not be affected.

Tissue Preparation and Sampling

Rats were deeply anesthetized with pentobarbital sodium
(Unikem A/S) and perfused transcardially by fixatives (4% par-
aformaldehyde and 2% glutaraldehyde) 15 hours after the last
ECS or sham treatment. Hippocampi were isolated, and left or
right hippocampus was selected randomly, embedded in 5%
agar, and sectioned at 65-pum thickness on a Vibratome 3000
(Vibratome). Three sets of sections were chosen based on a sys-
tematic random sampling principle and a section sampling frac-
tion of 1/15. One set was stained with Thionin for estimating
the volume of subregions of hippocampus and the length of
blood vessels with light microscopy and another set was stained
against BDNF using immunohistochemistry. The last set of tis-
sue sections for electron microscopy was embedded in TAAB 812
Epon for cutting 20 consecutive serial ultrathin sections. The
actual mean ultrathin section thickness (69-72 nm) was deter-
mined according to Small’s method of minimal folds (Small,
1968). Electron micrographs were taken with a digital camera
in a Philips CM 10 electron microscope at an initial magnifica-
tion of 10500x and digitally enlarged to a final magnification
of 23850x. The micrographs were saved and later analyzed via
iTEM software (Olympus Soft Imaging Solutions) without any
postprocessing modifications.

Synapse and Mitochondria Counting

We used the physical disector (Sterio, 1984), which was modi-
fied from previous studies (Tang et al., 2001) for estimating syn-
apse and mitochondria number. The synapses were identified
primarily based on the presence of a postsynaptic density (PSD)
with vesicles in proximity to the presynaptic zone. Only spine
and shaft synapses of asymmetric synapses were analyzed in
this study. The spine synapses presented a clear cytoplasmic
matrix and a distinct spine apparatus but without mitochon-
dria and microtubules. The shaft synapses terminated directly
on the dendritic shaft. The dendrites were differentiated from
spines by a less densely stained cytoplasm containing micro-
tubules and mitochondria. The spine synapses may be subdi-
vided into perforated and nonperforated synapses. Perforated
synapses displayed discontinuous or perforated PSD profiles,
whereas nonperforated synapses exhibited continuous PSD files
in all consecutive sections (Figure 1) (Geinisman et al., 2001).
The synapse number density was estimated using the PSD
as a counting unit. Axo-spinouos perforated synapses and shaft
synapses were counted with ~120 disectors and axo-spinous
nonperforated synapses with ~48 disectors in each animal. The
total synapse number was estimated as the product of the syn-
apse number density and volume of the CA1 stratum radiatum
(CA1-SR). We used the Cavalieri estimator and 2D nucleator
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combined for quantifying the volume of hippocampus on one
set of sections stained with Thionin using a 4xlens (Dorph-
Petersen et al., 2001). Detailed information can be found in our
previous paper (Chen et al., 2010).

Mitochondria were counted throughout the neuropil and
specifically in the axon terminals and dendrites. The criteria
for identifying mitochondria were the presence of distinctive
cristae and a double membrane (Figure 1). Neuropil structures
were identified as axon terminals (presence of three or more
synaptic vesicles), dendrites (postsynaptic to a synapse or hav-
ing an attached spine), or astroglial processes (presence of fibrils
and watery cytoplasm). The total number of mitochondria in
neuropil and the number of mitochondria in axon terminals and
dendrites were determined.

Combining the disector principle with the object’s 3D Euler
number estimates the number of mitochondria (Kroustrup and
Gundersen, 2001). The total Euler number, 2x, contribution from
all disectors is obtained as the signed sum of islands and bridges
(Figure 1). The total mitochondria number was estimated as
the product of the mitochondria number density and volume
of CA1-SR. Detailed information can be found in our previous
paper (Chen et al., 2013).

Estimation of the Length Density and Total Length of
Microvessels

Measurement of length density and total length of the microves-
sels in CA1-SR was done by implementation of the global spa-
tial sampling method (Larsen et al., 1998). The microvessel was
defined as a vessel with a 1-celled wall and a diameter <10 pm.

The microvessel length was measured with a 60x oil immer-
sion lens (Olympus, Plan Apochromat, N.A. 1.35). Within 3-di-
mensional sampling box, the distance between isotropic virtual
planes was (d=25 pm) and systematically and randomly pro-
jected on the area of interest. The estimation of the length
density of the microvessels was done by counting the total
number of intersections between the virtual planes and the
microvessels (Figure 2A). The total length of the microvessels
was calculated by the length density of the microvessels multi-
plied by volume of CA1-SR. Detailed information can be found in
our previous paper (Ardalan et al., 2016).

Immunohistochemistry

Free-floating 8 to 9 coronal sections per animal were washed
3 times for 10 minutes in Tris-buffered saline (TBS) (pH 7.4),
immersed in endogenous peroxidase blocking solution for 30
minutes, and incubated in preheated Target Retrieval solution at
85°C for 40 minutes (Dako, EnVision System HRP). Tissue sections
were incubated at 4°C overnight in a solution containing the
rabbit anti-BDNF polyclonal antibody (diluted 1: 500) (AB1779,
Merck Millipore). Then, sections were washed 3 times for 10
minutes with buffer (1% BSA and 0.3% Triton-X in TBS) and incu-
bated in buffer (1% BSA in TBS) added goat anti-rabbit IgG (1:200)
for 2 hours at room temperature. Finally, sections were washed
3 times for 10 minutes in TBS and then visualized with 0.1% 3,
3’-diaminobenzidine containing 0.3% H,0, in TBS for 7 minutes
and washed by TBS 3 times for 10 minutes. Sections were then
mounted on the gelatin-coated slides and dehydrated with al-
cohol gradient and cleared with xylene.

Images of immunostained sections were taken using an
Olympus BX61VS Scan microscope (objective: 10X; Olympus)
equipped with a PIKE digital camera using the software VS ASW
OIL 2.7 (Olympus Soft Imaging Solutions GmbH). Image] software
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Figure 1. Estimation of synapses and mitochondria in consecutive serial sections, inserted survey with details (boxed areas). The synapses were identified primarily
based on the presence of a postsynaptic density (PSD) with vesicles in close proximity to the presynaptic zone. Electron micrographs of consecutive ultrathin sections
(a—d) showed nonperforated synapses (arrows), a perforated synapse (big arrows), and shaft synapse (arrow heads). The postsynaptic spine exhibited PSD discontinui-
ties (black stars). The criteria for identifying mitochondria were the presence of distinctive cristae and a double membrane. Axon terminals were identified as presence
of 3 or more synaptic vesicles. Dendrites were identified postsynaptic to a synapse or having an attached spine. Mitochondria are identified in each section plane, and
a change between planes is deduced as being 1 of 2 significant possibilities: a new isolated part, a so-called “Island,” I, or a new connection between isolated mitochon-
dria, a “Bridge”, B. Mitochonria (M); vesicles (V); branch dividing (white stars). Scale bar, 0.5 pm.

was used to analyze the images of immunostained sections and
calculated the mean optical density of BDNF-positive area in
subregions (DG, CA1, and CA2/3) of hippocampus (Figure 3).

Statistical Procedures

All data in FSL/FRL rats were subjected to 2-way (with 2 factors:
strain and treatment) ANOVA to compare treatment responses
following posthoc tests (Bonferroni and least significant differ-
ence). P <.05 was considered statistically significant. Correlations
between parameters were analyzed by Pearson correlation co-
efficient. Statistical analyses and graphical representations of
the findings were carried out using SPSS11 (SPSS Corp.) and
Sigmaplot 10 (SYSTAT Inc.) software. The coefficient of error for
the sampling protocol used in the present study ranged from
0.031 to 0.046; the coefficient of error was less than one-half the
CV (0.064 to 0.157). This indicated that the major contributor of
the group variance was the biological variability among the rats,
rather than the sampling precision of each estimate. In other
words, the sampling parameters utilized in this study were at an
appropriate level of precision (Table 1).

Results

The Volume of Hippocampal CA1-SR

The volume of hippocampal CA1-SR in the FRL sham rats was
significantly larger compared with the FSL sham group (P<.05).

After ECS treatment, the volume of hippocampal CA1-SR in the
FSL-ECS group was significantly increased compared with the
FSL sham group (P<.05) (Figure 4).

The Number of Synapses in Serial Sections

In the sham-treated FSL group, the number of total synapses
(F,, ,=9.61; P<.01), nonperforated synapses (F, ,,=15.59; P<.01),
and perforated synapses (F, ,,=3.41; P<.05) in CA1-SR was sig-
nificantly lower compared with the sham-treated FRL group.

In FRL rats, ECS treatment significantly increased the num-
ber of nonperforated spine synapses (P<.05 vs FRL-sham)
(Figure 5B). However, no changes of total number of synapses
were observed. In FSL rats, the nonperforated, perforated
spine and total synapse numbers significantly increased in
ECS treated rats (P<.01, P<.01, and P<.01, respectively, vs FSL
sham) (Figure 5A-C). Conversely, the shaft synapse number
decreased significantly in both FRL-ECS and FSL-ECS rats (P<.05)
(Figure 5D).

The Number of Mitochondria in Serial Sections

Mitochondria are dynamically transported in and out of axons
and dendrites to maintain neuronal and synaptic function.
Therefore, we wanted to investigate whether the number of
mitochondria differs in axons and dendrites. In axon terminals
and total neuropil, the mitochondria number was significantly
lower in the FSL sham group compared with the FRL sham
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Figure 2. (A) The length of microvessels was measured within a 3-dimensional sampling box. Green test lines were superimposed on the live image by newCAST soft-
ware, and they represented the intersection between isotropic virtual planes intersect and the focal plane. Microvessel is defined as a vessel with a 1-celled wall and
endothelial cells lining blood vessel walls and a diameter <10 um. The sampling box area was 7200 pm? and the box height was 20 pm. When the microvessels are in
focus and virtual planes intersect them, they are counted. The 4 box corner points are used to estimate the reference volume. One microvessel is intersecting a green
line of virtual plane (small black arrow). Pyramidal cell (*), glial cell (black thick arrow) and endothelial cell (white thick arrow). (B-C) Effect of electroconvulsive seizures
(ECS) on hippocampal vascular plasticity: length of microvessels. (**P < .01) (AFlinders Resistant Line (FRL)-Sham rats; AFRL-ECS rats; VFlinders Sensitive Line (FSL)-
Sham rats; YFSL-ECS rats). The length density (B) and the total length (C) of the microvessels in the CA1.SR were significantly higher in FRL-sham rats compared with
FSL-sham. ECS treatment significantly increased both the length density (B) and the total length (C) of the microvessels in the CA1.SR in FSL rats.

group (F, ,, =9.02; P<.01 and F, ,=10.68; P<.001) (Figure 6A-B).
However, there was no significant difference in the dendrites
mitochondria number between FSL sham and FRL sham groups
(P>.05) (Figure 6C). In the FSL group, ECS treatment significantly
increased the mitochondria number in axon terminal and total
neuropil, but not in dendrites (F, ,,=29.5; P<.001 and F, ,;=23.18;
P<.001) (Figure 6A-C).

1,20

Mitochondria Volume

The volume of mitochondria is shown in Figure 6D. A signifi-
cantly larger volume was found in the FSL sham group com-
pared with the FRL sham group (P<.001). After ECS treatment,
the mitochondrial volume was significantly decreased in the
ECS treated FSL group compared with the FSL sham group
(P<.001). Two-way ANOVA analysis showed that the volume of
mitochondria in CA1 area was significantly influenced by strain
(F, , =14.61; P<.01) and treatment (F, ,, =29.81; P<.001) with a

significant strain x treatment interaction (F, ,,=18.13; P<.001).

The Effect of ECS on the Length of the Microvessels
in CA1 Stratum Radiatum

The results of microvessel length density in the CA1.SR area of
hippocampus showed a significant strain x treatment interac-
tion (F, ,,=9,99; P<.01). The length density of microvessels was
signiﬁcéntly smaller in FSL-sham rats than the FRL-sham group
(P<.05). The evaluation of the effect of the ECS on the length den-
sity of hippocampal microvessels showed that ECS treatment
significantly (P<.01) increased length density of microvessels in

FSL rats, while this difference was not significant in FRL group
(Figure 2B).

Regarding the plasticity of total length of hippocampal
microvessels, a 2-way ANOVA revealed the effect of treatment
(F, ,,=6.05; P<.05) and interaction between ECS treatment and
strain (F, ,,=8.95; P<.01). The total length of the microvessels
was sign{ﬁcantly higher in FRL-sham rats compared with FSL-
sham (P<.05) (Figure 2C). Furthermore, ECS treatment affected
significantly the total length of microvessels in FSL rats (P<.01)
but not the FRL rats.

Hippocampus BDNF Expression Levels by
Immunohistochemistry

BDNF positive immunoreactivity was mainly localized in the
intracytoplasm of neurons. Mean optical density (MOD) of BDNF
in DG (P<.01), CA2/3 (P<.05), and CA1 (P<.05) of hippocampus
was significantly higher in both FSL and FRL rats after ECS treat-
ment compared with the sham rats (Figure 3). Two-way ANOVA
analysis showed that the MOD of BDNF in DG (F, ,,=201.92;
P<.01), CA2/3 (F, ,,=219.81; P<.01), and CA1 (F, ,,=260.19; P<.01)
was significantly influenced by treatment. However, there was
no difference between the FRL-sham and FSL-sham rats.

Correlations between Synapse, Mitochondria,
Vascular Plasticity, and BDNF Level in the
Hippocampus Following ECS Treatment

In Figure 7 correlations of morphological data and BDNF values
are given. The levels of BDNF were positively correlated with
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Figure 3. Brain-derived neurotrophic factor (BDNF) expression levels were measured by immunohistochemistry in hippocampus. (A) BDNF expression in the sub-
regions of hippocampus. (B) BDNF expression in serial sections of hippocampus in each animal. (B-D) Immunohistochemistry examined BDNF expression levels in
each group. Mean optical density (MOD) was calculated with the following formula: OD=1og10 (max pixel intensity/mean pixel intensity), where max pixel intensity
=255. MOD in the electroconvulsive seizures (ECS)-treated group significantly increased compared with sham group in both Flinders Resistant Line (FRL) and Flinders

Sensitive Line (FSL) rats in DG (B), CA2/3 (C), and CA1 (D) subregions of hippocampus.

synapse number (r=0.46; P<.05) and mitochondrial number
(r=0.55; P<.01) but not with the total length of microvessels.
The total length of microvessels showed a significant positive
correlation with synapse number (r=0.64; P<.01) and mito-
chondrial number (r=0.68; P<.001). In addition, the volume
of hippocampal CA1-SR was significant positively correlated
with synapse number (r=0.69; P<.001), mitochondrial num-
ber (r=0.71; P<.001), and total length of microvessels (r=0.62;
P<.01). Furthermore, there was a significant positive correlation
between the total mitochondria number and total number of
synapses (r=0.77; P<.001).

Discussion

Neuronal and nonneuronal plasticity play important roles in
neurological disorders (Dong and Greenough, 2004). Recently,
it was demonstrated that synaptic plasticity is disrupted in
MDD, and antidepressant treatment produced opposing effects
(Pittenger and Duman, 2008). However, little is known about
the role of nonneuronal plasticity, especially mitochondrial
and vascular plasticity, and the relationship of synaptic plas-
ticity and nonneuronal plasticity in depression. In the present
study, we report a lower number of synapses and mitochon-
dria accompanied by a decreased length of microvessels in the
“depressive-like” (FSL) rats compared with the FRL rats. For the
first time, quantitative mitochondrial differences have been
shown between axons and dendrites in a rat model of depres-
sion. In addition, we demonstrated that ECS has stimulative
effect on the number of synapses and mitochondria and length

of microvessels. Interestingly, the changes of mitochondrial
number only happened in the axons and not in dendrites after
ECS treatment in “depressive-like” rats. Furthermore, this study
firstly showed that increased total synapse number is posi-
tively correlated with total mitochondria number, vascular total
length, and BDNF. This result supports the hypothesis that syn-
aptic plasticity needs enhanced metabolic activity by increased
mitochondria number and length of microvessels.

A recent study showed that the methodological application
of ECS applied in the current work may result in microfractures
in the skeletal system of the animals (Ekemohn et al., 2017) due
to omission of a muscular relaxant. Behavioral findings with
the same methodology should therefore be treated with cau-
tion. The morphological and molecular findings in the present
work should not be affected, and the changes in mitochondrial
number are a consistent feature of neuroplasticity, emphasizing
that the relation between synapses and mitochondria is a pivot
for neuronal plasticity.

Effect of ECS on Hippocampal Synaptic Plasticity

Recent findings suggest that more rapid synaptic plasticity may
play an important role in the neurobiology of depression and
effects of antidepressant therapy (Popoli et al., 2002; Duman,
2004). In the present study, ECS treatment significantly increased
the number of spine synapses, and, conversely, the shaft syn-
apses decreased significantly in FRL and FSL rats. This increase
was associated with an improvement in a behavioral readout
in the forced swim test (Kaae et al., 2012). The present findings
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Table 1. The overall measurement results of ultrastructure are summarized
FRL-sham vs. FRL-ECS
FRL-sham FRL-ECS ocv OCE P
V pyy O 4.25 (0.22) 4.33 (0.25) 0.06 0.04 53
Total N(syn/CA1) x10° 9.19 (0.96) 9.88 (0.91) 0.15 0.04 34
N(np-syn) x10° 6.28 (0.48) 7.14 (0.42) < .05

N(p-syn) x10° 2.34 (0.45) 2.37 (0.55) 92

N(sh-syn) x10° 0.57 (0.07) 0.37 (0.07) <.05'
Total N(mit/CA1) x10° 5.01 (0.58) 5.38 (0.44) 0.10 0.05 27

N(a-mit) x10° 2.49 (0.51) 2.84 (0.34) .16

N(d-mit) x10° 1.34 (0.12) 1.56 (0.17) A1
VN(mit/CA1) pm? 0.05 (0.003) 0.49 (0.003) 0.06 0.03 41
Total V(mit/CA1) mm? 0.29 (0.03) 0.27 (0.02) 87

FSL-sham vs. FSL-ECS FRL-sham vs. FSL-sham
FSL-sham FSL-ECS OoCcVv OCE P ocv OCE P

V(CM) mm? 3.98 (0.05) 4.27 (0.24) 0.07 0.04 <.05 0.07 0.04 0.06
Total N(Syn/CAl) x10° 6.65 (1 21) 9.40 (1.03) 0.15 0.04 <.01" 0.15 0.04 <.01"

N(np-syn) x10° 4 66 (0.79) 6.54 (0.93) <.01” <.01"

N(p-syn) x10° 44 (0.34) 2.53(0.45) <.01" <.05

N(sh-syn) x10° O 55 (0.24) 0.34 (0.12) <.05 79
Total N(mit/CA1) x10° 3.53 (0.43) 5.37 (0.74) 0.13 0.04 <.001™ 0.12 0.05 <.001™

N(a-mit) x10° 1.40 (0.22) 2.90 (0.52) <.001™ <.01"

N(d-mit) x10° 1.46 (0.31) 1.34 (0.27) 39 36
VN(mit/CA1) ym? 0.08 (0.01) 0.05 (0.008) 0.16 0.03 <.001™ 0.11 0.03 <.001™
Total V(mit/CA1) mm? 0.27 (0.02) 0.26 (0.01) 39 84

V(CA1): volume of CA1 stratum radiatum; N(syn/CA1): total number of synapses in CA1; N(np-syn): the number of non-perforated synapses; N(p-syn): the number of

perforated synapses; N(sh-syn): the number of shaft synapses; N(mit/CA1): number of mitochondria in CA1; N(a-mit): the number of mitochondria in axons; N(d-mit):

the number of mitochondria in dendrites; V, (mit/CA1): mean volume of mitochondria; V(mit/CA1): total volume of mitochondria in CA1.
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Figure 4. The volume of hippocampal CA1 stratum radium. The volume of hip-
pocampal CA1-SR in the Flinders Resistant Line (FRL) sham rats is significantly
larger than that of the Flinders Sensitive Line (FSL) sham group. After electro-
convulsive seizure (ECS) treatment, the volume of hippocampal CA1-SR in the
FSL-ECS group is significantly increased compared with the FSL sham group.
(*P < .05) (AFRL-Sham rats; AFRL-ECS rats; VFSL-Sham rats; YFSL-ECS rats).

are consistent with imipramine significantly increasing synapse
number in the FSL rats (Chen et al., 2010) and in another animal
model of depression (Hajszan et al., 2005, 2009b).

In recent years, live imaging of developing dendrites dem-
onstrated that a shaft synapse bouton can redistribute to con-
tact an adjacent newly emerged dendritic spine (Reilly et al.,
2011). Hippocampal synaptic plasticity following LTP induction
showed a considerable restructuring of preexisting synapses,

with shaft and stubby spines transforming to thin dendritic
spines (Sorra et al., 1998; Popov et al., 2004; Bae et al., 2012). Our
findings indicate that the changes of synapses may include both
synaptogenesis and restructuring of existing synapses (shaft
converting into spine synapses) to make them more efficient.
At the molecular level, perforated PSDs of synapses are typ-
ically larger and contain a greater number and concentration
of receptors and/or cytoskeleton-associated proteins within the
postsynaptic active zone than nonperforated spines (Nicholson
and Geinisman, 2009). Our findings show that only the perfo-
rated spine synapses increased significantly in ECS treated FSL
rats compared with sham treated FSL rats. Therefore, perforated
spine synapses may have a more active function to enhance
synaptic efficacy of synaptic transmission in the depressed
status following antidepressant treatment. It has been hypoth-
esized that changes in the configuration of synapses are critical
for the synaptic plasticity, and perforated synapses, especially,
are important for synaptic plasticity (Calverley and Jones, 1990;
Geinisman et al., 2000; Toni et al., 2001; Ganeshina et al., 2004).

Effect of ECS on Hippocampal Mitochondrial
Plasticity

Synaptic transmission requires mitochondrial ATP generation
for neurotransmitter exocytosis, vesicle recruitment, activa-
tion of ion conductance, signaling at metabotropic receptors,
potentiation of neurotransmitter release, and synaptic plastic-
ity (Li et al., 2010b; Jiao and Li, 2011). Indeed, altered mitochon-
drial function has been implicated in alterations in synaptic
plasticity (MacAskill and Kittler, 2010). Mitochondrial number
and size are tightly regulated by balanced fusion and fission
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Figure 5. The number of synapses including subtypes of synapse in CA1 (*P < .05; **P < .01) (AFlinders Resistant Line (FRL)-Sham rats; AFRL-electroconvulsive seizure (ECS)
rats; VFlinders Sensitive Line (FSL)-Sham rats; YFSL-ECS rats). (A) The total number of synapses was significantly higher in FRL-Sham rats compared with FSL-Sham rats. ECS
treatment significantly increased the total number of synapses in FSL-ECS rats compared with FSL-sham rats. (B) The number of nonperforated spine synapses was signifi-
cantly higher in FRL-Sham rats compared with FSL-Sham rats. ECS treatment significantly increased the number of nonperforated spine synapses in FRL-ECS rats compared
with FRL-sham rats and FSL-ECS rats compared with FSL-sham rats. (C) The number of perforated spine synapses was significantly higher in FRL-Sham rats compared with
FSL-Sham rats. ECS treatment significantly increased the number of perforated spine synapses in FSL-ECS rats compared with FSL-sham rats. (D) Conversely, ECS treatment
significantly decreased the number of shaft synapses in FRL-ECS rats compared with FRL-sham rats and FSL-ECS rats compared with FSL-sham rats.

events in response to changes in the metabolic conditions of
cell (Chan et al., 2006; Detmer and Chan, 2007; Cheng et al.,
2010). Nevertheless, defects in mitochondrial fusion and fis-
sion primarily affect neuronal function; neurons are particu-
larly sensitive to perturbations of mitochondrial distribution
(Westermann, 2010). And this may contribute to the pathogen-
esis of neurodegenerative diseases and psychiatric disorders
(Chen and Chan, 2009). Our findings indicate that changes in the
mitochondrial number are consistent features of neurogenesis
(Kaae et al., 2012) and synaptogenesis. Therefore, mitochondrial
biogenesis may play an important role in the formation and
maintenance of hippocampal synapses and may reflect altera-
tions in neuronal activity associated with variation in abnormal
energy demands related to major depression.

Mitochondria constantly move along axons and dendrites,
dividing and fusing in response to synaptic changes and chang-
ing regional metabolic requirements (Mattson et al., 2008;
Palmer et al., 2011). The correct mitochondrial distribution in
axons and dendrites is closely related to the neuronal develop-
ment, maintenance of axon and dendrites, and the formation of
spines and synapses (Kang et al., 2008; van et al., 2013). The role
and functional properties of mitochondria differ in axons (for
the generation of action potentials and trafficking of synaptic
vesicles) and dendrites (for synaptic transmission and exten-
sion/movement of mitochondria into dendritic protrusions)
(Zinsmaier et al., 2009). Moreover, twice as many mitochondria
are motile in the axons compared with the dendrites of cultured

hippocampal neurons, and there is a greater proportion of highly
charged, more metabolically active mitochondria in dendrites
than in axons (Overly et al., 1996). Therefore, the difference in
motility and metabolic properties of mitochondria in axons and
dendrites reflects alterations in energy metabolism during syn-
aptic plasticity. Our data show twice as many mitochondria in
the axons compared with the dendrites in FRL rats. However, in
the FSL rats, the number of mitochondria is equal in axons and
dendrites. ECS treatment increases the mitochondrial number
in axons twice the number of mitochondria in dendrites in FSL
rats. Since most metabolic activity takes place in axon terminals
(Zinsmaier et al., 2009), an increased number of mitochondria in
axon terminals after ECS treatment in our study implies that the
increased metabolism supports the generation of action poten-
tials and trafficking of synaptic vesicles (neurotransmitter exo-
cytosis and vesicle recruitment).

Elevated levels of glutamatergic neurotransmission have been
observed in FSL rats (Matrisciano et al., 2008; Kovacevic et al., 2012;
Gomez-Galan et al.,, 2013) and subjects with MDD (Levine et al.,
2000; Sanacora et al., 2004; Choudary et al., 2005; Njau et al., 2017).
Intervention with antagonists to the NMDA receptor is efficient
antidepressants in FSL/FRL rats and patients (Zarate Jr et al., 2006;
Liebenberg et al., 2015; Silva et al., 2017). However, glutamate acts as
an excitotoxic agent, inducing oxidative stress and damaged mito-
chondrial calcium homeostasis by disturbing the closely regulated
balance between mitochondrial fission and fusion (Fukui et al.,
2010; Nguyen et al., 2011), leading to mitochondrial dysfunction
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Figure 6. The number of mitochondria in the various structures (neuropil, axons, and dendrites) and the mean volume of mitochondria in CA1l. (*P < .05; *P < .01;
**P < .001) (AFlinders Resistant Line (FRL)-Sham rats; AFRL-electroconvulsive seizure (ECS) rats; VFlinders Sensitive Line (FSL)-Sham rats; YFSL-ECS rats). (A) The total
number of mitochondria in neuropil was significantly smaller in the FSL-sham group compared with FRL-sham group. Following treatment, the FSL-ECS group showed
a significant increase in total mitochondria number in neuropil compared with the FSL-sham group. (B) The number of mitochondria in axon terminal also displayed
significantly smaller in the FSL-sham group compared with the FRL-sham group. Following treatment, the FSL-ECS group showed a significant increase in mitochondria
number in axon terminal compared with the FSL-sham group. (C) The number of mitochondria in dendrites showed no significant differences in the FSL sham group
compared with the FRL sham group. ECS treatment did not make any changes in the number of mitochondria in dendrites between the FSL sham group and FSL ECS
group. (D) The mean volume of mitochondria in CA1 stratum radiatum was significantly greater in the FSL-sham group compared with FRL-sham group. Following
treatment, the mean volume of mitochondria in FSL-ECS group showed a significant increase compared with the FSL-sham group.

and swelling (Lemberg and Fernandez, 2009). We observed a larger
mean volume of mitochondria in the FSL rats, which might be due
to the increased glutaminergic synaptic activity inducing mito-
chondrial swelling. Furthermore, Li et al. have demonstrated that
inhibition of mitochondrial fission in hippocampal neurons causes
elongation of mitochondria (Li et al., 2004). It is interesting that the
results showed no significant differences between the FSL and the
FRL rats when we estimated the total volume of mitochondria in
CA1 (Table 1). This seems to implicate that the fission-fusion bal-
ance of mitochondria is disturbed and shifts away from fission.
However, whether mitochondrial dynamics is abnormal in these
rats still needs more investigation, such as measuring expression
of fusion and fission proteins. ECS has been documented decreas-
ing glutamate levels in the hippocampus of subjects with MDD
(Njau et al., 2017) by altered expression of glutamate signaling. This
could be due to an increased glutamate receptor subtype (GluR1)
(a subunit of the AMPA receptor) (Wong et al., 1993) and induction
of the glutamine transporter GLT1 and the enzyme glutamine syn-
thetase that converts glutamate to nontoxic glutamine (Newton et
al., 2006), finally leading to prevention of glutamate excitotoxicity
and recovery of mitochondrial volume.

Effect of ECS on Hippocampal BDNF Expression

Our present results showed that BDNF positive immunoreactiv-
ity in DG and CA areas of the hippocampus was significantly
higher in both FSL-ECS and FRL-ECS rats compared with the

sham rats. Postmortem study of the hippocampus showed
increased levels of BDNF immunoreactivity in depressed
patients treated with antidepressants at the time of death, com-
pared with antidepressant-untreated subjects (Chen et al., 2001).
More recently, it has been indicated that dysregulation of the
activity-dependent neurotrophin BDNF resulted in disrupted
glucocorticoid rhythms and tissue resistance to signaling with
the glucocorticoid receptor as an important mechanism under-
lying stress-related neuropsychiatric disorders (Jeanneteau and
Arango-Lievano, 2016). Our findings are consistent with their
findings. However, BDNF immunoreactivity in our present study
showed no differences between FRL-sham and FSL-sham rat.
Similar results from Angelucci et al. (Angelucci et al., 2000, 2003)
showed no difference in the BDNF levels measured by ELISA in
the hippocampus of depressed FSL compared with FRL control
rats. However, there are still some inconsistencies in the results
compared with other studies using a genetic animal model of
depression. BDNF was decreased at both the mRNA and protein
level in FSL rats compared with FRL rats in the hippocampus
(Elfving et al., 2010). The discrepancies may be explained by 2
reasons. First, the age of the animals in the present study was
around 60 days vs 140 days in the previous reports. The levels of
brain and serum BDNF in different time-slots has been reported
to change during maturation and aging processes (Karege et al.,
2002). Second, BDNF-positive areas in the present study were
estimated in different subregions of hippocampus vs whole hip-
pocampus in the previous studies.
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Figure 7. The correlations between synaptic plasticity and nonneuronal plasticity of hippocampus (*P < .05; P < .01; **P < .001). The levels of brain-derived neuro-
trophic factor (BDNF) expression correlated positively with synapse number (A) and mitochondrial number (D), but not the total length of microvessels (G). Total length
of microvessels showed a significant positive correlation with synapse number (B) and mitochondrial number (E). In addition, the volume of hippocampal CA1-SR
correlated positively with synapse number (C), mitochondrial number (F), and total length of microvessels (I). Furthermore, there was a significant positive correlation

between the total mitochondria number density and total number of synapses (H).

Effect of ECS on Hippocampal Vascular Plasticity:
Length of Microvessels

Earlier reports demonstrated that ECS-induced upregulation
of angiogenic factors results in increased vascular density in
hippocampus (Newton et al., 2006). The vascular endothelial
growth factor and basic fibroblast growth factor possess both
angiogenic as well as neurotrophic properties in hippocampus
(Newton et al., 2003). Our findings showed decreased length of
microvessels in the depressed FSL-sham rats compared with the
FRL control rats. Increased length of microvessels in the FSL-ECS
rats were in agreement with those observations above.

The Relationship between Synaptic Plasticity
and Nonneuronal Plasticity of Hippocampus in
Depression

Several lines of evidence suggest that neurotrophic factors serve
as mediators of activity-dependent structural plasticity and
play a key regulator of neuronal functioning (Bouckaert et al.,
2014; Leal et al., 2015). BDNF promotes neuronal differentiation
and survival and synaptic plasticity (Duman and Monteggia,
2006; Kermani and Hempstead, 2007). The consequence of
the abnormality in the BDNF and GR signaling is impairment

of mitochondrial respiration efficiency and synaptic plasti-
city (Jeanneteau and Arango-Lievano, 2016). The study about
BNDF-induced mitochondrial motility arrest and presynaptic
docking suggests that mitochondrial transport and distribution
play an essential role in BDNF-mediated synaptic transmission
(Su et al., 2014b). Our results also indicate that BDNF has a sig-
nificant positive correlation with synapse and mitochondrial
number.

Several studies suggest that physical proximity between
mitochondria and synapses is regulated by neuronal activity
(Courchet et al., 2013; Sheng, 2014). Enduring changes in meta-
bolic support of brain function, such as modifications of capillary
branching or mitochondrial density, have been primarily stud-
ied as problems of either development or pathology (Black et al.,
1991). High levels of monocarboxylate (Gerhart et al., 1998) and
glucose (Gerhart et al., 1991) transporters were observed in the
CA1, suggesting elevated metabolic and synaptic activity in this
region of the hippocampus. Our results showed that increased
total synapse number is positively correlated with total mito-
chondria number. The mitochondrial changes may be crucially
linked to changed energy metabolism and, therefore, may have
consequences for cell plasticity, resilience, and survival in
patients with MDD. Antidepressants might ultimately enhance
energy metabolism and reduce the damage of oxidative stress.



Furthermore, our results demonstrate that increased supports
higher metabolic demand due to an increase in the number of
synapses and mitochondria.

Taken together, even though we have only investigated a por-
tion of the hippocampus, our results indicate that the rapid and
robust therapeutic effect of ECS may be related to BDNF level
elevation, accompanied by synaptic plasticity, mitochondrial
and vascular support. Moreover, the changes in mitochondrial
morphology and number are a consistent feature of neuroplas-
ticity, and therefore, the relation between synapses and mito-
chondria is a pivot for neuronal plasticity. Overall, this study
provides insights into the underlying mechanisms of a rapid
antidepressant effect.
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