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ABSTRACT

Background: Although growing evidence indicates that ECT affects astrocytes, the exact mechanisms of the therapeutic effect of ECT are still unknown. Astrocytic endfeet express the water channel aquaporin (AQP) 4 abundantly and ensheath brain blood vessels to form gliovascular units. It has been shown that the coverage of blood
vessels by AQP4-immunostained endfeet is decreased in the prefrontal cortex (PFC) of patients with major depression. This study was made to determine whether ECT restores the astrocytic coverage of blood vessels with
amelioration of depressive symptoms.
Methods: After electroconvulsive shock (ECS) administration to rats, the forced swimming test (FST) and Y-maze
test were performed. Subsequently, immunofluorescence analysis was conducted to measure the coverage of
blood vessels by astrocytic endfeet in the PFC and hippocampus by using the endothelial cell marker lectin and
anti-AQP4 antibody. We also performed Western blot to examine the effects of ECS on the hippocampal expression of AQP4 and the tight junction molecule claudin-5.
Results: Gunn rats showed learned helplessness and impaired spatial working memory, compared to normal control Wistar rats. ECS significantly improved the depressive-like behavior. Gunn rats showed a decrease in astrocytic coverage of blood vessels, that was significantly increased by ECS. ECS significantly increased expression
of AQP4 and claudin-5 in Gunn rats.
Conclusions: ECS increased the reduced coverage of blood vessels by astrocytic endfeet in the mPFC and hippocampus with amelioration of depressive-like behavior. Therefore, therapeutic mechanism of ECT may involve
restoration of the impaired gliovascular units by increasing the astrocytic-endfoot coverage of blood vessels.

1. Introduction

Application of electroconvulsive therapy (ECT) is still considered to
be superior for some cases of psychiatric disorders in spite of much
advances in drug development. ECT modified by general anesthesia
and muscular relaxation has been recognized as a safe and effective
treatment for drug-resistant major depression, schizophrenia, mania
and catatonia (Weiner and Reti, 2017). Growing evidence indicates that
glial

cells are involved in response to ECT (Jinno and Kosaka, 2008)
(Limoa et al., 2016). However, the exact mechanisms of therapeutic effect of ECT have yet to be clarified. Glial cells have attracted attention as
new promising targets for antidepressant action (Hashioka et al., 2013).
In fact, an in vitro study has demonstrated that production of brain-derived neurotrophic factor (BDNF) and lactate for neurons is increased in
rodent astrocytes treated with the selective serotonin reuptake inhibitor
fluoxetine (Allaman et al., 2011), indicating that astrocyte is an important source of neurotrophic factor (Quesseveur et al., 2013) and a main
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mediator of glucose metabolism. Another in vitro study has shown that
the tricyclic antidepressant imipramine induces human astrocytes differentiate into neuronal phenotype, suggesting involvement of this phenomenon in antidepressant-induced neurogenesis (Cabras et al., 2010).
These findings prompt us to investigate the mechanisms involving astrocytes in the therapeutic effect of ECT.
Aquaporin (AQP) 4 is a water channel and plays pivotal roles in the
brain functions (Nicchia et al., 2004). Astrocytic endfoot processes, on
which AQP4 is expressed abundantly, ensheath entire network of blood
vessels in the brain and form gliovascular units with endothelial cells
and pericytes (Simard et al., 2003; Wolburg et al., 2009). It has been
shown that AQP4 is required for the anti-depressive action via regulating adult hippocampal neurogenesis (Kong et al., 2009). A recent postmortem study on patients with major depression, that is clinically well
known to be associated with cerebrovascular disease, has revealed a decrease in the coverage of blood vessels by AQP4-immunostained endfeet of astrocytes in the prefrontal cortex (Rajkowska et al., 2013). It is,
therefore, tempting to elucidate the effect of ECT on the decreased coverage of blood vessels by AQP4-immunopositive endfeet, that appears to
be involved in the pathogenesis of the major depression.
Our previous study has revealed that Gunn rats with glial activation in the hippocampus present depressive-like behavior as shown
by prolonged immobility time in the forced swimming test (FST) and
the tail suspension test (Arauchi et al., 2018). The Gunn rat is a mutant of the Wistar strain and has a genetic deficiency in glucuronyltransferase (Gunn, 1944). This deficiency leads to high levels of unconjugated bilirubin in their blood and the brain. Therefore, Gunn rats
have been used as an experimental model of kernicterus (bilirubin encephalopathy), which can be considered as an organic brain disorder.
Since patients with organic brain disorder often present symptoms of
schizophrenia and affective disorder (Hamilton et al., 1983), it appears
to be rational that Gunn rats show depression-like behavior. In the present study, we first confirmed that electroconvulsive shock (ECS), an
animal counterpart of ECT, ameliorated the depressive-like behavior of
Gunn rats, such as learned helplessness and impaired working memory,
using the FST and Y-maze test. We next investigated the morphology of
gliovascular units with regard to the coverage of blood vessels by astrocytic endfeet in the diseased brain of Gunn rat. Because it has been
shown that there is no significant difference in GFAP-immunostained
coverage of blood vessels between the postmortem brains of major depression patients and those of normal controls (Rajkowska et al., 2013),
we labelled astrocytic endfeet with AQP4, not with GFAP. We finally determined the effect of ECS on the astrocytic coverage of blood vessels in
the brain of Gunn rats whose depressive-like behavior was ameliorated
by ECS, to examine whether the change in morphology of gliovascular
units is related to the therapeutic efficacy of ECS.

2.2. ECS procedure

2.3. FST
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The animals were assigned into four groups, i.e., Wistar Sham (WS),
Wistar ECS (WE), Gunn Sham (GS) and Gunn ECS (GE) group. To avoid
stress or pain induced by the ECS procedure, each rat was first anesthetized in an isoflurane inhalation chamber (4% for initial induction)
with an oxygen flow rate of 2–4 L/min. After the rat fell asleep, it was
taken out from the chamber and anesthesia was continued by putting
an isoflurane inhalation mask (2% for maintenance) with an oxygen
flow rate of 2–4 L/min. In every ECS procedure, electric shock was given
under such anesthesia. ECS was administered transcranially via bilateral ear clip electrodes by using an E.C. Stimulator MK-810 (Muromachi
Kikai, Tokyo, Japan). The stimulus was a sine wave pulse, 100 V, 60 Hz,
50 mA, 1.5 s. Each stimulation resulted in a typical tonic-clonic seizure
lasting for less than 10 s. The ECS group received an ECS treatment once
daily for 6 consecutive days. The sham-treated groups were handled
identically to the ECS groups including anesthesia except that no current was delivered. Each individual in all the groups was given the FST
and Y-maze test. After the behavior tests, the brain were taken out to
conduct immunofluorescent studies.
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The FST was performed according to protocol reported previously
with modification (Arauchi et al., 2018). A plastic cylinder, whose diameter is 19 cm, filled with 10 L of water (25 °C ± 1 °C), 40 cm in depth.
On the first day, rats were gently placed individually in the water for
15 min to be habituated. The rat left in the cylinder was either unable
to touch the bottom or escape. The animals were dried with a towel and
put in a warmer chamber for 10 min to avoid hypothermia, and then returned to their home cages. After each trial, the cylinder was washed,
rinsed, and refilled with fresh water to avoid influence on the next animal. On the next day, the rats were placed in the water for 6 min and
their behavior was recorded with a video camera. Immobility time occurring during the test was manually counted from the recorded video
by a trained observer in a blinded manner. The rats were considered immobile when they remained floated without struggling, motionless and
when they moved only to maintain their heads above the water.
2.4. Y-maze test

Spatial working memory of rats was assessed by the Y-maze test on
a day after the last ECS administration based on previously described
procedures with some modifications (Shi et al., 2017). The maze apparatus is made of gray opaque polyvinyl chloride with three arms
(500 × 250 × 100 mm3 and 120° apart) (Muromachi Kikai). The apparatus was cleaned with a 10% ethanol solution and then dried with a
paper towel after each trial to make it odorless. Each rat was placed at
the terminus of one arm and allowed to move freely through the maze
for 8 min. When the rat's tail was entirely within the arm, entry was considered to be complete. Alternation behavior was defined as successive
entries into all three arms on consecutive occasions. The percentage of
spontaneous alternation behavior (SAB) was calculated according to the
following formula:

2. Materials and methods
2.1. Animals

Eight-week-old male homozygous (j/j) Gunn rats and male Wistar
rats (SLC, Inc., Shizuoka, Japan) were used in this study (12 rats for
each strain). The rats were housed in plastic cages (39 × 27 × 18 cm)
under standard conditions with a room temperature (RT) of 23 ± 2 °C,
humidity of 55 ± 5%, and 12-h light/12-h dark cycle (light phase 7:00
to 19:00). The rats were allowed free access to food and water. One
week before commencing the experiment, the rats underwent a handling procedure once daily to reduce experimental stress. The handling
procedure consisted of picking rats up with a gloved hand, stroking, and
massaging them for 10 min. All procedures were conducted with the approval of the Shimane University Animal Ethics Committee, in accordance with the guidelines of the National Health and Medical Research
Council of Japan.

2.5. Brain section preparation
After the behavior tests, the animals were sacrificed under deep
intraperitoneal anesthesia with an anesthetic mixture of three drugs:
medetomidine (Domitor, Nippon Zenyaku Kogyo, Tokyo, Japan), mida
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protease inhibitor (Roche, 11873580001, Mannheim, Germany). The
tissues were extracted at ratio of 1 mg of tissue to 10 μL of buffer.
The tissues were sonicated and subsequently centrifuged at 13,000 g for
10 min at 4 °C. The supernatants were collected and studied. Twenty-five
to fifty μg of protein were separated by 10% SDS-PAGE and transferred
to PVDF membranes. The membranes were incubated with specific rabbit antibody for AQP4 (1:1000, Santa Cruz Biotechnology, INC, H-80:
sc-20812), claudin-5 (1:500, Sigma-Aldrich, SAB4502981: 310145), or
mouse anti-β-actin antibody (1:5000, Abcam, AC-15: ab6276) at 4 °C
overnight. Subsequently, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:5000, GE Healthcare Life Sciences: NA934, Tokyo, Japan) or anti-mouse IgG antibody
(1:5000, GE Healthcare Life Sciences: NA931, Tokyo, Japan) for 1 h at
RT. Blots were developed using the chemiluminescent system (Amersham, GE Healthcare UK). The band intensity was quantified by densitometry and the NIH Image analysis software version 1.63 (NIH, Bethesda,
MD). Individual expression levels of AQP4 or Claudin-5 were normalized to the expression levels of β-actin and presented as percentages of
the control group (i.e., Wistar sham) expression, that was defined as
100%.
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zolam (Dormicum, Astellas Pharma, Tokyo, Japan), and butorphanol
(Vetorphale, Meiji Seika Pharma, Tokyo, Japan). We mixed medetomidine 0.15 mg/kg b.w./rat, midazolam 2 mg/kg b.w./rat and butorphanol 2.5 mg/kg b.w./rat and added saline (Otsuka Pharmaceutical
Factory, Tokushima, Japan) to adjust the mixture to a volume of 0.5 ml/
100 g b.w./rat. The rats were perfused transcardially with 500 mL of
physiological saline, followed by 500 mL of 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer (PB; pH 7.3). After perfusion, the brain was
quickly removed from the skull, and fixed in a solution of 4% PFA at RT
for 4 h. The brains were immersed in 10% sucrose at 4 °C overnight and
subsequently were immersed in 20% sucrose at 4 °C for 24 h. The brains
were cut at 40-μm thickness in the coronal plane by using a freezing microtome (Microm HM 430, Thermo Scientific, Waltham, MA).
2.6. Immunofluorescent staining
We modified and followed the protocol for double immunofluorescent staining described in previous studies (Arauchi et al., 2018; Liaury
et al., 2014; Limoa et al., 2016). The free floating brain sections were
pre-incubated for blocking with 0.1 M PB containing 3% bovine serum
albumin, 0.2% Triton X and 1.5% normal horse serum for 1 h at RT. The
sections were then incubated overnight at RT in a solution of 0.1 M PB,
0.2% Triton X, 1.5% normal horse serum, and the mouse monoclonal
anti-AQP4 antibody (1:500, Santa Cruz Biotechnology, CA) mixed with
Texas Red labeled Lycopersicon esculentum (tomato) lectin (1:500, Vector Laboratories, CA) to detect endothelial cells. The sections incubated
with the anti-AQP4 antibody were incubated with Alexa 488-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA) diluted at 1:1000 for
3 h at RT. Afterwards, the slices were mounted onto gelatin-coated slides
(Matsunami Glass, Osaka, Japan) and then were sunk in 0.1 M PB. Coverslips were applied onto the slides with anti-fading mounting medium
and subsequently were kept in darkness before inspection. Negative controls for immunostaining were performed with omitting the primary antibody or lectin.

2.9. Statistical analyses
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All the data were expressed as the mean ± standard error of the
mean (S.E.M). The statistical analyses were carried out using the SPSS
software (Dr. SPSS II for Windows, IBM Japan, Tokyo, Japan). Statistical comparisons among the groups were made with a one-way analysis
of variance (ANOVA) followed by the post hoc Fischer's least significant
difference test. We also used two-way ANOVA to determine the effects
of genotype or ECS treatment on immobility time, SAB and AQP4 coverage, and interactive effect between genotype and ECS treatment. Pearson correlation was conducted to establish relationship between immobility time in the FST and AQP4 coverage of blood vessels. A p-value less
than 0.05 was considered statistically significant.

2.7. Image analysis for coverage of brain blood vessels

3. Results

Fluorescent images were captured by a BZ-X700 all-in one microscope (Keyence, Osaka, Japan) with a 40x objective lens and analyzed
by the BZ-X analyzer software. Regions of interest consist of two areas
within the prefrontal cortex [i.e., the prelimbic (PrL) area and the infralimbic (IL) area] and three areas within the hippocampal formation
[i.e., the dentate gyrus (DG), the cornu ammonis (CA)1 and the CA3].
The images were taken from both hemispheres of 12–14 slices in the PrL
region (two images from each slice), 8–11 slices in the IL region, and
12–15 slices in the hippocampal formation. Overall, 64–80 images per
animal (n = 5) were examined. The fluorescence colors in captured images were split equally into red, green and blue colors by the BZ-X analyzer software. The “hybrid cell count” operating procedure with “single extraction” was used to specify the target area by selecting the outer
margin of the stained areas. First, the lectin-positive area was extracted
from the merged fluorescent image of the lectin-positive area (red) and
the AQP4-positive area (green) and was displayed red. Next, colocalization area, namely, the AQP4-positive area on the lectin-positive area
was extracted and displayed yellow. These extraction procedures were
performed based on the consistent threshold of fluorescence intensity,
which was manually predefined. The pixels of the yellow areas were calculated to determine the percentage of “coverage”, which was defined
as area of co-localization/total area of brain blood vessels.

3.1. Effect of ECS on immobility time in the FST
The FST was performed to evaluate the effect of ECS on depressive-like behavior of Gunn rats by counting the immobility time. As
shown in Fig. 1, the immobility time in the FST was 17.44 ± 4.05 s
in the WS group, 20.86 ± 5.61 s in the WE group, 73.19 ± 9.36 s in
the GS group, and 35.71 ± 8.08 s in the GE group. Immobility time
of
the
GS
group

2.8. Western blot analysis
Hippocampal tissues were isolated and homogenized in ice-cold cell
lysis buffer (Cell Signaling, #9803, Danvers, NA) supplemented with

Fig. 1. Effect of ECS on immobility time of normal rats and Gunn rats in the
FST.Immobility time of Gunn rats was significantly longer than that of Wistar rats. The
prolonged immobility time of Gunn rats was significantly shortened by ECS. Each value is
the mean ± S.E.M. (n = 6), *p < 0.05, #p < 0.001. ECS, electroconvulsive shock.
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was significantly longer than that of WS. The ECS administration to
Gunn rats significantly shortened the duration of immobility compared
to that in the GS group. ECS did not affect immobility time significantly
on Wistar rats. Both genotype and ECS treatment had significant effects

on immobility time in the FST with a significant interactive effect between genotype and treatment.
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3.2. Effect of ECS on spontaneous alternation behavior (SAB) in the Ymaze test
Spatial working memory was determined by SAB in the Y-maze test
(Fig. 2). The percentage of SAB was 76.62 ± 1.12% in the WS group,
69.51 ± 5.44% in the WE group, 62.44 ± 2.36% in the GS group, and
78.56 ± 3.05% in the GE group. A significant decline in the % SAB was
observed in the GS group compared to the WS group. The ECS-administered Gunn rats showed a significant increase of the % SAB compared
to the GS group. This finding suggests that ECS improved the spatial
memory impairment of Gunn rats. On the other hand, there was no significant difference between the WS group and the WE group. Neither
genotype nor ECS treatment showed a significant effect on SAB in the
Y-maze test, even though there was a significant interactive effect between them.
3.3. Effect of ECS on the coverage of brain blood vessels by astrocytic
endfeet

Fig. 2. Effect of ECS on spontaneous alternation behavior of normal rats and Gunn rats
in the Y-maze test.The percentage of spontaneous alternation behavior (SAB) of Gunn rats
was significantly decreased compared to Wistar rats. The decreased % SAB of Gunn rats
was significantly increased by ECS. Each value is the mean ± S.E.M. (n = 6), *p < 0.05.
SAB, spontaneous alternation behavior; ECS, electroconvulsive shock.
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The coverage of brain blood vessels by astrocytic endfeet in both the
PrL area and the IL area of the medial prefrontal cortex (mPFC) was
investigated. Representative merged fluorescence images show brain
blood vessels labelled by lectin (red) and astrocytic endfeet stained with
anti-AQP4 antibody (green) in the prelimbic area of the Wistar sham
(Fig. 3B), Gunn sham (Fig. 3C) and Gunn ECS groups (Fig. 3D). Overlap

Fig. 3. Effect of ECS on the astrocfigytic-endfoot coverage of blood vessels in the medial prefrontal cortex of normal rats and Gunn rats. The regions of interest consist of the prelimbic
(PrL) area and the infralimbic (IL) area (A). Representative merged fluorescence images show brain blood vessels labelled by lectin (red) and astrocytic endfeet stained with anti-AQP4
antibody (green) in the prelimbic area of the normal rat sham (Wistar sham) (B), Gunn sham (C) and Gunn ECS groups (D). The Gunn sham group shows vessel areas uncovered with
astrocytic endfeet, that look red (indicated by arrows, C). On the other hand, the Wistar sham and Gunn ECS groups show colocalization of astrocytic endfeet and blood vessels (indicated
by arrowheads, B, D), that looks yellowish, suggesting increased vessel areas covered with astrocytic endfeet. Scale bars indicate 50 µm. The percentage of the coverage of lectin-positive
brain blood vessels by AQP4-positive astrocytic endfeet in the prelimbic area (E) and the infralimbic area (F). Each value is the mean ± S.E.M. (n = 5), *p ≤ 0.05; n.s., not significant;
AQP4, aquaporin 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to the PrL area, a decrease in the overlap area was observed in the CA1
of the GS group compared with the other groups. Quantitative analysis
revealed that the % of AQP4 coverage in the DG was 76.68 ± 0.94% in
the WS group, 75.40 ± 2.61% in the WE group, 72.29 ± 1.83% in the
GS group, 77.28 ± 1.49% in the GE group (Fig. 4E). The % of AQP4 coverage in the CA1 was 75.29 ± 2.70% in the WS group, 75.59 ± 0.97%
in the WE group, 68.60 ± 1.76% in the GS group, 75.51 ± 1.45% in the
GE group (Fig. 4F). In the CA3,% of AQP4 coverage was 77.70 ± 2.17%
in the WS group, 75.66 ± 1.10% in the WE group, 69.96 ± 1.37% in the
GS group, 76.91 ± 1.88% in the GE group (Fig. 4G). A similar trend was
found in the DG (Fig. 4E), the CA1 (Fig. 4F), and the CA3 (Fig. 4G) in
comparing the AQP4 coverage among the WS, GS, and GE groups. The
scattered plot indicates a significant reduction in the coverage of blood
vessels by AQP4-positive endfeet in the CA1 (Fig. 4F) and CA3 (Fig. 4G)
of the GS group in comparison with the WS group. However, it did not
reach statistical significance in the DG (Fig. 4E). A significant increase
in AQP4 coverage was observed in the GE group compared to the GS
group in the CA1 (Fig. 4F) and CA3 (Fig. 4G). Although the ECS administration to Gunn rats showed a tendency to increase the AQP4 coverage
in the DG, there was no significant difference compared to that of the
GS (p = 0.07) (Fig. 4E). Like in the medial prefrontal cortex, the % of
AQP4 coverage in the WE group did not significantly differ from that in
the WS group in all the hippocampal formation regions. Neither genotype nor ECS treatment showed a significant effect on AQP4 coverage in
the hippocampal DG, CA1 and CA3. There was no significant interactive
effect between genotype and treatment in the DG and CA1, while that
in the CA3 reached significance. In addition, there was a negative correlation between the immobility time and the AQP4 coverage in the CA1
(r = −0.488, p = 0.029). However, a correlation between the immobility time and the AQP4 coverage was not significant in the DG and CA3.
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area (yellow) of AQP4 immunoreactivity and lectin staining indicates
astrocytic coverage of brain blood vessels. A decrease in the overlap
area was discerned in the PrL area of the GS group compared with the
other groups. We performed quantitative analysis of astrocytic coverage
of brain blood vessels. In the PrL area, the % of AQP4 coverage area
was 76.44 ± 1.73% in the WS group, 74.58 ± 1.39% in the WE group,
68.66 ± 2.23% in the GS group, and 75.39 ± 1.13% in the GE group
(Fig. 3E). The % of AQP4 coverage of the GS was significantly decreased
compared to that of the WS (Fig. 3E). The % of AQP4 coverage in the GE
was significantly increased compared to that in the GS (Fig. 3E). In the
IL area, the % of AQP4 coverage was 77.72 ± 1.40% in the WS group,
75.66 ± 1.94% in the WE group, 69.43 ± 2.65% in the GS group, and
74.80±1.60% in the GE group (Fig. 3F). The % of AQP4 coverage in
the IL area of the GS was significantly less than that of the WS (Fig. 3F).
Although the GE group showed a high average of AQP4 coverage compared to the GS group, the difference did not reach statistical significance (p = 0.07) (Fig. 3F). Neither genotype nor ECS treatment showed
a significant effect on AQP4 coverage in the PrL area, while there was
a significant interactive effect between genotype and treatment. There
was a significant effect of genotype, but not of ECS treatment, on AQP4
coverage in the IL area, without a significant interactive effect between
genotype and ECS treatment. In addition, there was a negative correlation between immobility time in the FST and AQP4 coverage of blood
vessels in the PrL area (r = −0.476, p = 0.034) and IL area (r = −0.508,
p = 0.022).
The AQP4 coverage of blood vessels in the hippocampal formation was also evaluated. Representative merged fluorescence images
show brain blood vessels labelled by lectin (red) and astrocytic endfeet
stained with anti-AQP4 antibody (green) in the CA1 of the Wistar sham
(Fig. 4B), Gunn sham (Fig. 4C) and Gunn ECS groups (Fig. 4D). Similar

Fig. 4. Effect of ECS on the astrocytic-endfoot coverage of blood vessels in the hippocampal formation of normal rats and Gunn rats. The regions of interest consist of the dentate gyrus
(DG), cornu ammonis (CA)1 and CA3 (A). Representative merged fluorescence images show brain blood vessels labelled by lectin (red) and astrocytic endfeet stained with anti-AQP4
antibody (green) in the CA1 of the normal rat sham (Wistar sham) (B), Gunn sham (C) and Gunn ECS groups (D). The Gunn sham group shows vessel areas uncovered with astrocytic
endfeet, that look red (indicated by arrows, C). On the other hand, the Wistar sham and Gunn ECS groups show colocalization of astrocytic endfeet and blood vessels, that looks yellowish,
suggesting increased vessel areas covered with astrocytic endfeet, (indicated by arrowheads, B, D). Scale bars indicate 50 µm. The percentage of the coverage of lectin-positive brain blood
vessels by AQP4-positive astrocytic endfeet in the DG (E), CA1 (F) and CA3 (G). Each value is the mean ± S.E.M. (n = 5), *p ≤ 0.05; n.s., not significant; AQP4, aquaporin 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Effect of ECS on the hippocampal expression of AQP4 and claudin-5

FST on rodents has been extensively used as a simple animal model
for investigating the neurobiology of depression because of its procedural simplicity and its high reproducibility (Porsolt et al., 1977). Our
finding that repeated ECS administration improved the depressive-like
behavior of Gunn rats as shown by shortened immobility time in the
FST is consistent with previous studies using the FST, which demonstrated that ECS significantly reduced the duration of immobility in several genetic rat models of depression, such as Flinders sensitive line rats
(Hesselberg et al., 2016), Wistar Kyoto rats (Kyeremanteng et al., 2014)
and BDNF knock down rats (Taliaz et al., 2013). Since depressive-like
behavior of Gunn rats is ECS-treatable, as in genetic rat models of depression, their depressive-like behavior may be associated with common
pathophysiological microenvironments which can be modified by ECS.
While an antidepressant effect of ECS was observed in diseased Gunn
rats, ECS did not affect the normal Wistar rats in the present study. This
finding is inconsistent with previous studies which showed that ECS significantly decreased the immobility time of Wistar rats in the FST (Li
et al., 2007; Theilmann et al., 2014). The difference in ECS conditions
(e.g., amplitude, voltage, shock duration, the number of shock times and
body parts put with electrodes) and anesthetic procedures may attribute
to such a discrepancy.
The well-known clinical observation is that major depression significantly impairs working memory (Pelosi et al., 2000), while ECT has adverse effects such as cognitive deficit and amnesia in the acute phase
(Semkovska and McLoughlin, 2010). This fact has led to a debate as to
whether amnesia associated with ECT is an intrinsic pathological component of major depression. Under our experimental conditions, ECS administration on normal Wistar rats showed a trend to decrease the %
SAB. To our knowledge, there has been only one study that evaluated
the effect of ECS on spatial working memory in rodents under pathologi
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To examine the effect of ECS on the hippocampal expression of
AQP4 and the tight junction molecule claudin-5, we also performed
quantitative analysis using Western blot. The representative results are
shown in Fig. 5A. AQP4 expression levels in the GS group were significantly lower than those in the WS group (Fig. 5B). However, AQP4 expression in the GE group was significantly increased compared to that in
the GS group (Fig. 5B). Claudin-5 expression in the GE group was significantly increased compared to that in the GS group, whereas there was
no significant difference in claudin-5 expression between the GS group
and the WS group (Fig. 5C).
4. Discussion
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There were four major findings in the present study. First, the coverage of blood vessels by AQP4-immunoreactive endfeet of astrocytes in
the mPFC and the hippocampal formation was significantly reduced in
Gunn rats compared to that of Wistar rats, a normal rat strain. Second,
ECS significantly reduced immobility time in the FST, suggesting that
ECS ameliorated depressive-like behavior of Gunn rats. Third, ECS significantly improved deficits of working memory of Gunn rats as shown
by normalized percentage of SAB in the Y-maze test. The last, ECS significantly increased the reduced coverage of brain blood vessels by astrocytic endfeet in Gunn rat. To our knowledge, this is the first study
that determines the effect of ECS on the coverage of blood vessels by astrocytic endfeet in the pathological brain.
Immobility time in the FST can be regarded as behavioral despair
which is supposed to reflect depressed moods (Porsolt et al., 1977). The

Fig. 5. Effect of ECS on the expression of AQP4 and claudin-5 in the hippocampus of normal rats and Gunn rats. The hippocampal homogenates were separated by 10% SDS-PAGE and
immunoblotted for AQP4 or claudin-5 (A). Individual expression levels of AQP4 (B) or claudin-5 (C) were normalized to the expression levels of β-actin and presented as percentages of
the control group (i.e., Wistar sham) expression, that was defined as 100%. Each value is the mean ± S.E.M., (n = 5), *p ≤ 0.05; #p ≤ 0.001, n.s., not significant; AQP4, aquaporin 4; ECS,
electroconvulsive shock.
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units associated with activated astrocytes may be involved in the therapeutic mechanisms of ECT. In other words, the therapeutic effect of ECS
may be exerted, at least in part, by increasing the decreased endfoot
coverage of blood vessels, that is presumably related to activated astrocytes.
In this study, the mPFC was intensively analyzed as the region
of interest, since the rat mPFC is supposed to correspond to the human dorsolateral PFC that plays an important role in executive functions, including working memory (Barbey et al., 2013). The mPFC subregions PrL and IL correspond to human Brodmann areas 32 and 25,
respectively (Varea et al., 2005). Dysfunctions of the dorsolateral PFC
are involved in various psychiatric disorders, including schizophrenia
and major depression (Ferguson and Gao, 2018). We also intensively
analyzed the hippocampal formation based on the evidence that hippocampal dysfunction along with a small volume is strictly associated with major depression, stress and memory deficits (MacQueen and
Frodl, 2011). In addition, alterations in hippocampal anatomy, perfusion, and activation have consistently been demonstrated in schizophrenia (Tamminga et al., 2010).
Although the immobility time in the FST represents desperate behavior associated with major depression, it can also be considered as a form
of apathy or avolition, which is a negative symptom of schizophrenia
(Arauchi et al., 2018). Likewise, impaired spatial working memory, as
shown by decreased% SAB in the Y-maze test, can be interpreted as both
a cognitive deficit symptom in major depression (Henningsen et al.,
2013) and a part of cognitive impairment in schizophrenia (Knox et al.,
2017).
Patients with schizophrenia are at an increased risk for the development of depression (Samsom and Wong, 2015). Overlap in the
symptoms and genetic risk factors between schizophrenia and depression implies that a common etiological mechanism may underlie the
presentation of comorbid depression in schizophrenia (Samsom and
Wong, 2015). In fact, genome-wide genotype data from the Psychiatric Genomics Consortium show that genetic correlation is high between schizophrenia and bipolar disorder, moderate between schizophrenia and major depression (Cross-Disorder Group of the Psychiatric
Genomics, 2013). Animal studies are also in line with these findings.
Dominant-negative Disrupted-In-Schizophrenia-1 transgenic mice, a
model for schizophrenia, have been demonstrated to present depressive-like behavior as well as schizophrenia-like behavior (Hikida et al.,
2007). Our previous studies have revealed that Gunn rats with genetic
unconjugated hyperbilirubinemia show impaired sensory-motor gate
and recognition memory deficits, which are signs similar to schizophrenia (Liaury et al., 2014; Limoa et al., 2016), and also present depressive-like behavior (Arauchi et al., 2018). Moreover, it has been implied
that neonatal hyperbilirubinemia is a vulnerability factor for subsequent
development of mental disorders, including schizophrenia, substance
abuse, personality disorder and neurosis (Dalman and Cullberg, 1999).
Accordingly, Gunn rats seem to be a suitable animal model for studies of
a wide range of psychiatric disorders in respect to both pathophysiology
and symptomatology.
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cal conditions associated with major depression (Henningsen et al.,
2013). Our result that repeated ECS treatment significantly ameliorated the impaired spatial working memory of Gunn rats as shown
by increased % SAB in the Y-maze test is congruent with the aforementioned study which showed the significant efficacy of ECS in normalizing a deficit in % SAB in rats exposed to chronic mild stress
(Henningsen et al., 2013).
Our observation that the coverage of brain blood vessels by
AQP4-immunoreactive astrocytic endfeet was significantly diminished
in Gunn rats presenting depressive-like behavior is consistent with a
postmortem study that showed that the coverage of vessels by AQP4
was significantly reduced in the orbitofrontal cortex of patients with major depression compared to normal controls (Rajkowska et al., 2013).
Our result is also in line with an animal study in which rats selectively
bred for high anxiety-like behavior, an animal model of depression,
showed significantly attenuated coverage of blood vessels in the PFC
by AQP4-immunoreactive astrocyte processes compared to non-selected
Wistar rats (Di Benedetto et al., 2016). To our knowledge, this is the
first study showing that antidepressant treatment, namely ECS administration in our study, restores the decreased coverage of brain blood vessels by astrocytic endfeet in the pathological brain. Based on these findings, the astrocytic-endfoot coverage of blood vessels may be negatively
correlated with manifesting depressive symptoms. To verify this hypothesis, further studies to determine the effects of antidepressant treatment,
especially neuropharmacological medication, on the astrocytic-endfoot
coverage of brain blood vessels are clearly warranted.
It has been shown that ECT increases serum levels of BDNF and glial
cell line-derived neurotrophic factor (GDNF) in patients with major depression (Rocha et al., 2016; Zhang et al., 2009). A recent in vitro study
demonstrated that GDNF had a protective effect on astrocytes to prevent
apoptosis (Wang et al., 2018). Therefore, the ECT-induced production of
neurotrophic factors, especially GDNF, may increase the astrocytic-endfoot coverage of blood vessels.
Animal studies using AQP4-knockout mice have demonstrated that
AQP4-knockout mice present cognitive deficits similar to those implicated in major depression (Skucas et al., 2011) and that AQP4 knockout
disrupts fluoxetine treatment-induced improvement of depressive-like
behavior caused by chronic mild stress (Kong et al., 2009). Therefore, it
could establish a causative role for the decreased endfoot coverage in
manifestation of depressive symptoms to examine whether ECS administration to AQP4-knockout mice improves their cognitive deficits. The
reduced coverage of brain blood vessels by astrocytic endfeet may be related to reduction in glucose metabolism in the brain, that is mainly mediated by astrocytes (Kreft et al., 2012). In fact, several neuroimaging
studies have demonstrated the decreased glucose metabolism in the prefrontal cortex of depressed patients (Baxter et al., 1989; Martinot et al.,
1990).
Our previous studies have demonstrated that Gunn rats possess
astrocytic activation in the hippocampus as shown by increased immunoreactivity for GFAP and S100B (Arauchi et al., 2018; Limoa et al.,
2016). In addition, it has been demonstrated that ECS significantly attenuate the increased hippocampal expression of GFAP in Gunn rats, indicating ECS has inhibitory effects on activated astrocytes (Limoa et al.,
2016). Interestingly, it has been shown that an increase in the number of GFAP-positive astrocytes, that can be referred to as astrogliosis or astrocytic activation, was accompanied by a decrease in amount
of AQP4-immunopositive endfeet colocalized with brain blood vessels
in a mouse model of a cerebral small vessel disease with features of
gliovascular disruption and cognitive deficits (Holland et al., 2015). Activated astrocytes may, therefore, contribute toward impaired gliovascular units with a decrease in the endfoot coverage of brain blood
vessels. Considering our previous observation of the efficacy of ECS
in inhibiting activated astrocytes in the hippocampus of Gunn rats,
regenerating
the
impaired
gliovascular

5. Conclusions

Our findings indicate that repeated ECS administration to Gunn rats
ameliorates depressive-like behavior and increases the decreased coverage of brain blood vessels by astrocytic endfeet in the PrL area of the
mPFC, the CA1 and CA3 areas of the hippocampal formation. Therefore,
the therapeutic mechanisms of ECT may involve restoration of the impaired gliovascular units by increasing the decreased astrocytic-endfoot
coverage of blood vessels. These findings may provide crucial information to elucidate roles of impaired gliovascular units with decreased astrocytic coverage of blood vessels in the pathogenesis of neuropsychiatric disorders and to develop future therapeutic interventions via modulating astrocytic functions.
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