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Abstract

It is well known that the intermittent administration of parathyroid hormone (PTH)
promotes bone formation, but it remains to be unveiled if PTH could affect the
distribution of bone-specific blood vessels and other cell-types surrounding the blood
vessels. In this study, we have attempted to histologically examine bone-specific
blood vessels after intermittent PTH administration. Six-week-old C57BL/6J mice
received vehicle (control group) or 20 pg/kg/day of hPTH [1-34] (PTH group) for
two weeks. The mice were then fixed and their femora and tibiae were examined for
the immunohistochemical profile. The gene expression of bone was also examined by
RT-PCR. In the control femoral metaphysis, there were many
endomucin-positive/EphB4-positive blood vessels and few aSMA-reactive blood
vessels. In the PTH administered femoral metaphysis, the numbers of
endomucin-positive/EphB4-positive blood vessels and their diameters were
significantly expanded when compared to those of the control groups. Interestingly,
blood vessels accompanied with aSMA-positive cells were significantly increased in
number in the PTH group, and were histochemically divided into two distinct types:
the one surrounded by ALP-reactive/aSMA-positive cells close to the bone surface,
and the others accompanied merely with aSMA-positive cells that showed a long cell
shape extending thin cytoplasmic processes. In summary, the intermittent
administration of PTH may affect both osteoblastic cells and bone-specific blood
vessels.
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smooth muscle cell



Introduction

Osteoporosis is a typical symptom in geriatric disease. For years, the first-line drug in
therapy for osteoporosis has remained bisphosphonates [1]. However, it has been
reported that bisphosphonates could be associated with severe complications such as
osteonecrosis of the jaw or atypical femur fractures [2]. Over the last decade,
teriparatide, which is a recombinant form of parathyroid hormone (PTH), has become
the preferred drug for the treatment of osteoporosis [1, 3]. The anabolic action of PTH
has also been demonstrated in clinical trials: PTH increased bone mass and reduced
the fracture rate in patients with osteoporosis [4]. In our previous study, we have
demonstrated that intermittent PTH administration promotes preosteoblastic
proliferation and osteoblastic bone formation, both of which are finely tuned by cell
coupling with osteoclasts, and finally induced new bone formation [5, 6].

Recently, Kusumbe and Ramasamy demonstrated two new disparate subtypes of
endothelial cells in bone according to distribution and function: type H and type L [7].
The type H bone-specific subtype is a blood vessel that features CD31 and endomucin
double strong positivity located underneath the growth plate in the metaphysis, while
the type L subtype showed CD31 and endomucin low positivity in diaphysis [7, 8].
Endomucin™9"-positive bone-specific blood vessels have been shown to reciprocally
interact with osteoblastic cells [7]. Endomucin™9-positive endothelial cells have been
reported to secrete noggin, supporting osteoblasts and chondrocytes, which secrete
vascular endothelial growth factor (VEGF) sustaining angiogenesis in reverse [7, 8].
This may implicate the reciprocal interaction of blood vessels and osteoblastic cells in
bone in a normal state.

It is well-known that blood vessels consist of various cell-types, being roughly
divided into inner vascular endothelial cells and outer perivascular cells [9]. A
vascular smooth muscle cell is a type of perivascular cell that always covers
arteries/veins including arterioles and venules and appears to regulate vessel caliber
[10]. a-Smooth muscle actin (aSMA) is a specific marker of vascular smooth muscle
cells and myofibroblasts [11]. The nutrient arteries and arterioles surrounded by
vascular smooth muscle cells invade from the periosteum into the bone and run in the
inner bone marrow region of the diaphyses of long bones [12]. However, the
peripheral vascular smooth muscle cells gradually disappear to form sinusoidal
capillaries that extend from the sinusoidal capillaries toward the chondro-osseous
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junctions, where they are not covered by peripheral vascular smooth muscle cells and
are sometimes surrounded by discontinuous basement membranes [10]. Therefore,
perivascular cells including vascular smooth muscle cells will not always be adjacent
to vascular endothelial cells, depending on the micro-circumstance of the blood
vessels. It is assumed that perivascular cells such as vascular smooth muscle cells may
not be fully differentiated but still possess the potential to differentiate into other cell
types [10, 11, 13]. Indeed, it has been reported that arteries in bone are covered by
aSMA-positive smooth muscle cells that have the potential to differentiate into
different mesenchymal lineages [14-16].

Recently, considerable reports have supported the importance of the interactions
between EphB4 and ephrinB2 in the cardiovascular system and skeletal system [17,
18]. EphB4 is a marker for veins, while ephrinB2 is a marker for arteries. Since
previous reports have suggested EphB4/ephrinB2 action as a coupling factor in bone
[17], it may be possible for EphB4-positive veins/ephrinB2-reactive arteries to affect
the activities of osteoblastic cells. Thus, PTH-driven anabolic effects may affect both
osteoblastic cells and vascular endothelial cells and the surrounding perivascular cells
including vascular smooth muscle cells. Alternately, it might be possible that PTH
would directly affect vascular endothelial cells of bone-specific blood vessels and
surrounding vascular smooth muscle cells. However, the biological effects of PTH on
bone-specific blood vessels including vascular endothelial cells and surrounding
vascular smooth muscle cells remain unknown.

Therefore, in this study we have attempted to histochemically examine the
bone-specific blood vessels in long bone after intermittent PTH administration in vivo.
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Materials and methods

Animals

Six-week-old male C57BL/6J mice (n = 12, Japan CLEA, Tokyo, Japan) were divided
into a control group and PTH group following the principles for animal care and
research use set by Hokkaido University (approved No: 15-0032). The control group
received vehicle (0.9% saline) while the PTH group received hPTH [1-34]
(Sigma-Aldrich Co., LLC., St. Louis, MO). According to our previous report [6], the
mice received 20 pg/kg/day of hPTH [1-34] twice per day. Intraperitoneal injections
were performed at 8:00 am and 8:00 pm for two weeks. Mice were kept under
standard conditions.

Specimen preparation

Before fixation, mice were anesthetized with an intraperitoneal injection of chloral
hydrate for bodyweight determination. Then, all mice were perfused with 4%
paraformaldehyde diluted in 0.1 M cacodylate buffer (pH 7.4) through the cardiac left
ventricle. After perfusion with 4% paraformaldehyde solution, the femora and tibiae
were extracted promptly and immersed in the same solution for 24 hours at 4°C. After
washing in phosphate-buffered saline (PBS) for three days, all the samples were
decalcified with 10% or 4.13% EDTA-2Na for paraffin-specimens and epoxy
resin-specimens, respectively. For paraffin-embedded specimens, samples were
dehydrated in ascending ethanol solutions, soaked in xylene, and finally embedded in
paraffin. For epoxy resin-embedded specimens, samples were post-fixed with 1%
osmium tetraoxide in a 0.1 M cacodylate buffer for eight hours at 4°C, dehydrated in

ascending acetone solutions, and finally embedded with epoxy resin (Epon 812).

Histological and immunohistochemical detection

Dewaxed paraffin sections were examined for endomucin, aSMA, EphB4 and ephrin
B2 as previously examined [5]. The sections were treated for endogenous peroxidase
inhibition with 0.3% H>O. in PBS for 30 mins, and subsequently for nonspecific
staining blocking by 1% bovine serum albumin (BSA; Serologicals Proteins Inc.
Kankakee, IL) in PBS (1% BSA-PBS) for 20 mins at room temperature. Then,
sections were incubated with rat antibody against endomucin (Santa Cruz
Biotechnology, Inc., Dallas, TX) at a dilution of 1:100 and 4°C overnight. Following
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several washings in PBS, they were incubated with horseradish peroxidase
(HRP)-conjugated anti-rat 1gG (Zymed Laboratories Inc., South San Francisco, CA)
at a dilution of 1:100. To detect aSMA, the dewaxed sections treated with 1% BSA-
PBS were incubated with mouse antibody against aSMA (Thermo Fisher Scientific
Inc., Cheshire, UK) at a dilution of 1:400 and 4°C overnight. Then, the sections were
incubated with HRP-conjugated rabbit anti-mouse IgG (Bethyl Laboratories, Inc.,
Montgomery, TX). For the detection of EphB4 and ephrinB2, the dewaxed sections
were reacted with goat antibody against mouse EphB4 (R&D Systems Inc.,
Minneapolis, MN) at a dilution of 1:50 or with goat antibody against mouse ephrinB2
(R&D Systems Inc., Minneapolis, MN) at a dilution of 1:50 and 4°C overnight. After
several washings in PBS, they were incubated with HRP-conjugated rabbit anti-goat
IgG (American Qualex Scientific Products, Inc., San Clemente, CA) for 1 h. Immune
complexes of all sections were visualized using 3, 3’-diaminobenzidine
tetrahydrochloride (Dojindo Laboratories, Kumamoto, Japan). Then, specimens were
observed under a Nikon Eclipse Ni microscope (Nikon Instruments Inc. Tokyo, Japan),
and light microscopic images were acquired with a digital camera (Nikon
DXM1200C, Nikon).

Double immunohistochemical and immunofluorescence staining

For aSMA/endomucin double immunohistochemical staining procedures, dewaxed
paraffin sections were incubated with 1% BSA-PBS and then with mouse antibody
against aSMA (Thermo Fisher Scientific Inc.) at a dilution of 1:400 with 1% BSA-
PBS. After that, they were incubated with fluorescein (FITC)-conjugated goat
anti-mouse IgG (MP Biomedicals. LLC., Solon, OH) at a dilution of 1:100 with 1%
BSA-PBS and then incubated with rat antibody against endomucin at a dilution of
1:100 at 4°C after washing with PBS. Sections were subsequently reacted with Alexa
594-conjugated rabbit anti-rat IgG (Thermo Fisher Scientific Inc., Cheshire, UK) at a
dilution of 1: 100. For the detection of aSMA and ALP, dewaxed paraffin sections
were incubated with 1% BSA-PBS and then with mouse antibody against aSMA
(Thermo Fisher Scientific Inc.) at a dilution of 1:400 with 1% BSA-PBS; then, they
were incubated with fluorescein (FITC)-conjugated goat anti-mouse IgG (MP
Biomedicals. LLC., Solon, OH) at a dilution of 1:100. After PBS washing, the
sections were reacted with rabbit polyclonal antisera against TNALP at a dilution of
1:300 with 1% BSA-PBS; then, they were incubated with Alexa Fluor
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594-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific, Inc, Waltham, MA) at
a dilution of 1:100 with 1% BSA-PBS for 1 h. All sections were embedded by
VECTASHIELD hard-set mounting medium with DAPI (Vector Laboratories, Inc.
Burlingame, CA) and observed under light microscopy.

Toluidine blue staining
Semi-thin sections were prepared with an ultramicrotome and were then stained with
toluidine blue staining and observed under a Nikon microscope. Light microscopy

images were acquired with a digital camera.

Static parameters for bone histomorphometry

A 800x1000 um Region of Interest (ROI) located underneath the growth plate of
femoral metaphysis was employed to assess the following static parameters: number
of endomucin-positive, aSMA-positive, EphB4-positive, and ephrinB2-positive blood
vessels, maximum diameter (length of longest line joining two points of blood
vessel’s outline and passing through the centroid)/minimum diameter (length of the
shortest line joining two points in the blood vessel’s outline and passing through the
centroid)/mean diameter (average length of diameters measured at 2 degree intervals
and passing through the blood vessel’s centroid) of the endomucin-immunopositive
blood vessels, area of the endomucin-reactive blood vessels. Images of the ROI
stained for endomucin/aSMA, EphB4, ephrinB2 from the control groups and PTH
groups (n = 6 for each group) were used to determine the number of each kind of
vessel and the external diameter of the endomucin-immunoreactive blood vessel
within the ROl were measured with Image-Pro Plus 6.2 (Media Cybernetics, Inc.,
Bethesda MD); the results were later statistically analyzed as follows.

RT-PCR assessment

Total RNA was extracted from fresh frozen femora and tibiae using TRIzol reagent
(Life Technologies Co., Carlsbad, CA). For RT-PCR, total RNA was reverse
transcribed to cDNA using SuperScript VILO cDNA Synthesis Kit (Life
Technologies). For PCR amplification, the following primer sets were used: (forward)
5'- TGTCTTCACCACCATGGAGAAGG -3' and (reverse) 5'-
GTGGATGCAGGGATGATGTTCTG -3 for GAPDH, (forward) 5'-
CTATGAAAATAACAGTGCCAAATACTCCAA -3’ and (reverse) 5'-
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AGGATCCATCACGATGTCAGTTCTTGGTTT -3’ for endomucin, and (forward) 5'-

GTATGTGGCTATTCAGGCTG -3’ and (reverse) 5'-
CTTCTGCATCCTGTCAGCAA -3’ for a-SMA, (forward) 5'-
CCCAAATAGGAGACGAGTCC -3’ and (reverse) 5'-
CTCAAAAGGAGGTGGTCCAG -3* for EphB4, and (forward) 5'-
TCCAGGAGGGACTCTGTGTGGAAG -3’ and (reverse)

5'-CGGGGTATTCTCCTTCTTAATTGT -3’ for ephrinB2. PCR products were
electrophoresed on a 2% agarose gel containing ethidium bromide and visualized with
UV light.

Statistical analysis

All statistical analyses were carried out using SPSS version 18.0.0 and analyzed for
statistical significance by Student’s t-test. Data values were presented as mean + SE.
For the study, any p-value of 0.05 was considered statistically significant.
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Results

Altered distribution of bone specific-blood vessels after intermittent PTH
administration

Metaphyseal trabeculae and the trabecular bone mass were increased in femora of the
PTH group compared with the control group (Figure 1A-B). After PTH
administration, the number of endomucin-positive blood vessels appeared to increase
histologically and their diameters seemed to expand compared to the control groups
(Figure 1C-D). Therefore, we measured the cross-sectioned maximum diameter, the
minimum diameter, and the mean diameter of the endomucin-reactive blood vessels in
the ROI of 800 um x 1,000 um (Figure 1E). One consequence of intermittent PTH
administration is that the indices of the maximum and mean diameter of the
endomucin-immunoreactive blood vessels were significantly higher than those of the
control specimens. The average maximum diameter of the
endomucin-immunoreactive blood vessels in the control group were 224.53 + 10.06
pm and the average mean diameter of the endomucin-reactive blood vessels was
121.37 £ 4.76 pm. In the PTH group, the average maximum diameter and mean
diameter of the endomucin-reactive blood vessels were 339.22 + 14.58 um (p < 0.01
vs. control) and 144.01 £ 4.63 pum (p < 0.05 vs. control), respectively. There was no
significant difference in the minimum diameter of the endomucin-positive blood
vessels between the control group and the PTH group as shown in Figure 1E. The
average minimum diameter of the endomucin-reactive blood vessels was 73.16 + 2.94
pm in the control group and 73.26 + 2.32 um in the PTH group. Additionally, we
examined the cross-section areas of the endomucin-immunopositive blood vessels in
the ROl (Figure 1F). After intermittent PTH administration, the area of the
endomucin-reactive blood vessels had significantly increased: The cross-sectioned
areas of the endomucin-immunopositive blood vessels were 19,841.02 + 2,585.61
um? in the control group and 28,652.31 + 2,413.11 pm? in the PTH group (p < 0.05).

Immunolocalization of aSMA-immunoreactive, EphB4-immunoreactive and
ephrinB2-immunoreactive cells in PTH-administrated blood vessels

The number of aSMA-immunopositive cells was markedly-increased in the vicinity
of endomucin-reactive blood vessels after PTH administration. There was a huge
number of aSMA-reactive blood vessels in the metaphyses by PTH administration,

-16-

10



while there seemed a few aSMA-positive blood vessels in the control counterparts
(Figure 2A-C). In addition, the numbers of EphB4-positive blood vessels and
ephrinB2-positive arteries increased in PTH-treated metaphyses when compared with
those in the control specimens (Figure 2 D-1).

Using the immunostained sections, we counted the number of each type of
blood vessel in the ROI underneath the growth plate. After intermittent PTH
administration, the numbers of endomucin-positive, aSMA-positive, EphB4-positive,
and ephrinB2-positive blood vessels were significantly increased (Figure 2J). The
numbers of endomucin-positive, aSMA-positive,  EphB4-positive, and
ephrinB2-positive blood vessels in the control group were 50.17 + 18.45, 3.50 + 2.17,
63.00 + 18.01, and 4.00 + 1.55, respectively. The numbers of endomucin-positive,
aSMA-positive, EphB4-positive, and ephrinB2-positive blood vessels in the PTH
group were 82.33 + 14.63, 26.67 + 7.58, 147 + 42.37, and 21.5 + 4.84, respectively (p
< 0.01 vs. control). When examined by RT-PCR, the gene expressions of endomucin,
aSMA, EphB4, and ephrinB2 in the femora consistently appeared elevated after PTH
administration (Figure 2K).

The distribution of aSMA-immunoreactive cells surrounding
endomucin-immunoreactive blood vessels in PTH-administered metaphyses

Some  aSMA-immunopositive  cells seemed closely associated  with
endomucin-positive vascular endothelial cells, being identical to vascular smooth
muscle cells. However, the others were located somewhat apart from the blood
vessels, and therefore appeared to be cell-types other than vascular smooth muscle
cells (Figure 3A-D). To define the characteristics of aSMA-positive cells not
identical to vascular smooth muscle cells, we examined the double immunodetection
of ALP and aSMA, and consequently divided them into two distinct cell-types
(Figure 3E-H): the aSMA-positive cells bearing ALP-reactivity located in close
proximity to the blood vessels in the intertrabecular regions (Figure 3E and G), and
the aSMA-positive but ALP-negative cells that extend long cell bodies and thin
cytoplasmic processes (Figure 3F and H). Taken together, three aSMA-positive
cell-types appeared after PTH administration. aSMA-positive vascular smooth
muscle cells, aSMA/ALP double-positive cells close but not adjacent to blood vessels,
and aSMA-positive/ALP-negative cells that extend their straightly extending
cytoplasmic processes. Thus, it appears that the cellular population surrounding the
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blood vessels changes after PTH administration. Therefore, we examined the
corresponding region using semi-thin sections (Figure 4). Two distinct cell-types
were shown to be located around blood vessels in the femoral metaphysis of the
PTH-administered mice (Figure 4B-D). One was the cells revealing a long cell-shape
with thin cytoplasmic processes distant from bone, and the other was the cells
containing several cell organelles in the somehow translucent cytoplasm.
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Discussion

In this study, we have attempted to histologically demonstrate the altered distribution
of bone-specific blood vessels in murine bone after intermittent PTH administration.
Our main histological findings can be summarized as follows:

1) Intermittent PTH administration increased the number of endomucin-positive
blood vessels and significantly expanded their diameter.

2)  The numbers of aSMA-positive, ephrinB2-positive, and EphB4-positive blood
vessels also increased after PTH administration.

3) aSMA-positive cells were markedly-increased in number and can be
distinctively divided into the first type, aSMA-positive vascular smooth muscle cells
closely surrounding the endomucin-reactive vascular endothelial cells, the second
type, aSMAJ/ALP double-positive cells close but not adjacent to blood vessels, and
the third type, aSMA-positive but ALP-negative cells extending their straightly

extending cytoplasmic processes.

To our knowledge, this is the first report to suggest that the intermittent administration
of PTH affects bone-specific blood vessels in bone.

One may wonder why we have employed regimens of two- and four-times
administration of PTH each day. Using murine models, we have recently
demonstrated that the high frequency of intermittent PTH administration (two or four
times per day) promotes bone remodeling by stimulating both bone resorption and
formation, while low-frequency PTH administration (once a day or per two days)
caused both remodeling-based/mini-modeling-based bone formation [6]. In addition,
we have reported that high-frequency PTH administration stimulated preosteoblastic
proliferation and subsequent osteoblastic differentiation by mediating cell coupling
with osteoclasts [5]. Therefore, the anabolic effects of PTH appear to be based on
accelerated preosteoblastic proliferation and finely-tuned cell coupling with
osteoclasts.

These cellular events take place in the region of mature osteoblasts including
preosteoblastic cells, bone marrow-stromal cells, and blood vessels rather than in the
region of the osteocytic network embedded in bone, although many investigators have
suggested that PTH-driven anabolic action is reportedly mediated by the
sclerostin/Wnt pathway of osteocytes [21, 22]. In accordance with our previous
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reports, we decided to employ high-frequency PTH administration in this study rather
than low-frequency to ensure adequate regimens to examine the bone specific-blood
vessels and the surrounding cells; consequently, we were able to observe the
significant alteration of bone specific-blood vessels by PTH.

Regarding the biological actions of blood vessels in bone, many studies have
paid close attention to the intimate connection between blood vessels and bone tissues
[23]. Since bone is highly vascularized tissue, it has been previously assumed that
blood vessels serve as a tunnel by which to transmit oxygen, nutrition, growth factors,
and hormones into the bone and take part in the hematopoiesis of neighboring bone
marrow [9]. Recently, it has been demonstrated that there is a network of
trans-cortical capillaries as a mainstay for blood circulation in long bone [24].
Literally, Kusumbe and Ramasamy et al. reported a bone-specific subtype of blood
vessels featuring CD31"9"/endomucin™9", and illuminated that angiogenesis also plays
an important role in bone development and remodeling [7, 8]. Endomucin"9"-positive
blood vessels in the metaphyses of long bone have been shown to reciprocally interact
with osteoblastic cells requiring various cytokines, microRNA, and signaling
pathways. Thus, while recent studies on bone/blood vessel interaction have
progressed, few reports have elucidated the biological action of PTH on bone-specific
blood vessels.

In the present study, intermittent PTH administration increased the number of
endomucin-immunoreactive/EphB4-positive blood vessels and the maximum/mean
diameters and area of endomucin-positive blood vessels in the metaphyses of murine
femora and tibiae. Since most blood vessels in this area are capillaries that are not
surrounded by vascular smooth muscle cells, the enlargement of blood vessels in this
area seems non-ascribable to the relaxation of vascular smooth muscle cells but is
rather probably due to morphological changes in the capillaries. In addition, we
assume that the reason why blood vessels increased in number might be due to
angiogenesis stimulated by PTH. Another interpretation may be that PTH mainly
reacts to the development and remodeling of bone by the classical Wnt/B-catenin
pathway [22], which might be able to react to the angiogenesis by the VEGF-relevant
pathway. However, further investigation is necessary to define the cellular mechanism
of the increased numbers and diameters of capillaries after PTH administration.

We have observed that three aSMA-positive cell-types appear after PTH
administration: the first is aSMA-positive vascular smooth muscle cells closely
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surrounding the endomucin-reactive vascular endothelial cells, the second is
aSMAJ/ALP double-positive cells close but not adjacent to blood vessels, and the
third is aSMA-positive but ALP-negative cells extending their straightly extending
cytoplasmic processes. The first appears to be vascular smooth muscle cells, but the
other two might be other cell-types. Since the control vascular endothelial cells were
hardly accompanied by aSMA-positive vascular smooth muscle cells in the
metaphyses, it seems likely that undifferentiated perivascular cells might differentiate
into vascular smooth muscle cells by PTH administration.
aSMA-positive/ALP-reactive cells that were located close but not adjacent to
endomucin-positive/aSMA-reactive blood vessels seem different to vascular smooth
muscle cells even though they showed oSMA-immunoreactivity. It has been
previously  reported that arteries in  bone  were covered by
aSMA-positive/NG2-reactive vascular smooth muscle cells [14], possessing the
potential to differentiate into other mesenchymal lineages [7, 8]. Therefore,
aSMA-positive/ALP-reactive cells close to the blood vessels might be derived from
vascular smooth muscle cells that have differentiated from perivascular cells.
Alternately, perivascular cells may have directly differentiated into
aSMA-positive/ALP-reactive cells. A previous study indicated that PTH may
promote vascularized bone regeneration and directly improve blood vessel formation
and the osteogenic potential of aged bone marrow mesenchymal stem cells [25]. Since
ALP is an important bone metabolic marker expressed in the osteoblastic lineage [26—
28] that also comes from bone marrow mesenchymal cells, these cells may be able to
differentiate into preosteoblasts/osteoblasts. Taken together, it may be possible for
PTH to stimulate perivascular cells to differentiate into either vascular smooth muscle
cells or an ALP-positive osteoblastic lineage.

Regarding aSMA-positive/ALP-negative cells with long cell bodies and thin
cytoplasmic processes located in middle of the intertrabecular region, this cell-type
extends long cytoplasmic processes linearly parallel to the bone surface. Judging from
the cell shape and long cytoplasmic processes, this may be a kind of telocyte that was
discovered in 2003 [29]. Telocytes are fibroblast-like cells extending extremely long
but thin prolongations. There has not yet been any report of the discovery of telocytes
in bone and further examination is warranted. Taken together, bone specific-blood
vessels may play an important role in the bone formation process.

In summary, the intermittent administration of PTH may affect both osteoblastic
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cells and bone-specific blood vessels.
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Figure legends

Fig. 1 HE staining of the control mice’s femora (A) and PTH-administered mice’s
femora (B). The bone mass increased in the PTH-administered mice (B) compared to
the control groups (A). In the metaphysis of the femora, the diameter of the
endomucin-positive blood vessels (brown color) tended to expand in PTH mice (D)
compared to control mice (C). Graph E showed the index of the luminal diameter of
endomucin-positive blood vessels. After PTH administration, the maximum and mean
diameter of the endomucin-positive blood vessels were significantly increased
compared to the control group (* p < 0.05, ** p < 0.01). Graph F demonstrated the
total areas of the endomucin-positive blood vessels in the ROI. The area of the
endomucin-positive blood vessels was significantly expanded after PTH injection (p
< 0.05). Bars: A, B: 500 um C, D: 200 pm

Fig. 2 In the metaphysis, both aSMA-positive blood vessels (brown color) and
aSMA-immunopositive cells close to the endomucin-reactive blood vessels tended to
increase in PTH-administered groups (B and C) compared to the control group (A).
Figures D-F demonstrated the immunolocalization of EphB4 (brown color) and
Figures G-I showed the immunolocalization of ephrinB2 (brown color) in the control
and PTH-administered groups. The number of endomucin-, aSMA-, EphB4-, and
ephrinB2-positive blood vessels were significantly increased in PTH mice,
respectively (J, p < 0.01). The gene expressions of Endomucin, a-sma, Ephrinb2, and
Ephb4 were also increased by RT-PCR analysis (K). BV: blood vessel

Bars: A, B: 200 pm C-I: 50 um

Fig. 3 After PTH administration, aSMA-immunoreactivity (brown color: A and B;
green color: C and D) were localized on the vascular smooth muscle cells associated
with endomucin-positive vascular endothelial cells and other types of cells other than
the blood vessels (arrows: B and D). ALP (blue color: E and F; red color: G and H)
and aSMA (brown color: E and F; green color: G and H) double staining
demonstrated 1) ALP-positive/aSMA-positive cells close to the blood vessels (G), and
2) ALP-negative/aSMA-positive cells extending long cell bodies and thin cytoplasmic

-26-

20



processes in the PTH-administered groups (arrows, H). BV: blood vessel
Bars: A, B: 200 pm C-1: 50 pm

Fig. 4 The semi-thin section obtained from the PTH group demonstrated two different
type of cells in the bone marrow region over the osteoblasts (C-D). One is the spindle
cell that reveals a long shape with thin cytoplasmic processes distant from the bone
(inset, D), and the other is cuboidal cells that appeared to contain several cell
organelles (arrows, D). ob: osteoblast; BV: blood vessel.

Bars: A, B: 50 um C, D: 20 pm
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1) B (Goal) :
The N-methyl-D-aspartate receptor (NMDAR) antagonist (R, S)-ketamine produces rapid and sustained antidepressant
effects in treatment-resistant patients with depression although intranasal use of (R,S)-ketamine in ketamine
abusers is popular. On March 5, 2019, the US Food Drug Administration (FDA) approved Janssen Pharmaceutical
Inc.’ s (S)—ketamine nasal spray for treatment-resistant depression[1]. However, there are no reports showing
the direct comparison of intranasal administration of (R,S)-ketamine and its two enantiomers for antidepressant
and side effects in rodents. The purpose of this study is to compare the antidepressant and side effects of
intranasal administration of (R,S)-ketamine and its two enantiomers (R)-ketamine and (S)-ketamine.

2) BEm& (Approach) :
First, we compared the antidepressant effects of a single intranasal administration of (R,S)-ketamine, (R)—
ketamine and (S)-ketamine in susceptible mice after chronic social defeat stress (CSDS). Second, we compared
the side effects [i.e., locomotion, prepulse inhibition (PPI), conditioned place preference(CPP)] of intranasal
administration of (R,S)-ketamine, (R)-ketamine and (S)—ketamine in mice.

3) MK & J5ik (Materials and methods)

@ Animals,Male adult C57BL/6 mice and male adult CD1 (ICR) mice were used. @ Materials, (R)-Ketamine
hydrochloride and (S)-ketamine hydrochloride were prepared by recrystallization of (R,S)-ketamine. @ Chronic
social defeat stress (CSDS) model:The C57BL/6 mice were exposed to a different CD1 aggressor mouse for 10 min
per day for consecutive 10 days. @ Treatment and behavioral tests, the CSDS susceptible mice were divided to
four groups. Subsequently, saline (0.5 ml/kg), (R,S)-ketamine (10 mg/kg), (R)-ketamine (10 mg/kg), or (S)-—
ketamine (10 mg/kg) was administered intranasally into CSDS susceptible mice. Behavioral tests, including
locomotion test (LMT), tail suspension test (TST), forced swimming test (FST) and 1% sucrose preference test
(SPT). ® Side effects of behavioral tests, including Locomotion, Prepulse inhibition (PPI) test, Conditioned
place preference(CPP) test. ® Analysis was performed using PASW Statistics 20.

4) FER4EHR (Results)

(@O The order of potency of antidepressant effects in a CSDS model was (R)-ketamine > (R,S)-ketamine > (S)-
ketamine. @ The order of potencies of side effects (i.e., psychosis, abuse liability) in mice after intranasal
administration was (S)-ketamine > (R,S)-ketamine > (R)-ketamine. Detail results were attached in the publisihed
paper

5) #%%% (Discussion) :
@ In the present study, we compared (R, S)-ketamine, and its two enantiomers in CSDS susceptible mice (for
antidepressant effects) and control mice (for side effects). The order of potency of antidepressant effects
after a single intranasal administration to CSDS susceptible mice is (R)-ketamine > (R,S)-ketamine > (S)-
ketamine. Furthermore, the order of potency of side effects (i.e., psychosis and abuse liability) after
intranasal administration is (S)-ketamine > (R, S)-ketamine > (R)-ketamine. Collectively, it is likely that (R)-
ketamine would be a rapid-acting and sustained antidepressant without side effects compared to (R,S)-ketamine
and (S)-ketamine. @ In this study, we found that antidepressant effects of (R,S)-ketamine and its two
enantiomers in CSDS susceptible mice after a single intranasal administration may be less potent that those of
a single i.p. administration[2-5]. Lower bioavailability of intranasal administration of (R, S)-ketamine and
its two enantiomers may contribute to lower efficacy of intranasal administration compared to i.p.
administration. Interestingly, the potency of antidepressant effects of (R,S)-ketamine and its two enantiomers
was not correlated with the potencies of these compounds at the NMDAR, suggesting that NMDAR inhibition may
not play a key role in the antidepressant effects of (R,S)-ketamine and its enantiomers[6]. B Due to its
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serious side effects, clinical use of ketamine has remained limited[7-9], although it has been used as an off-
label antidepressant in the USA[10]. In this study, we found that locomotion after a single intranasal
administration of (R)-ketamine is lower than those of (R,S)-ketamine and (S)-ketamine, consistent with the
previous reports[3]. Furthermore, we found that a single intranasal administration of (R)-ketamine did not
cause PPI deficits in mice compared to (R,S)-ketamine and (S)-ketamine, consistent with the previous reports of
i.p. administration[3]. Finally, we found that repeated intranasal administration of (R)-ketamine did not
increase CPP scores in mice although (R,S)-ketamine and (S)-ketamine increased CPP scores, in a dose dependent
manner, consistent with the previous reports of i.p. administration[2,11]. Unlike (R,S)-ketamine and (S)-—
ketamine, it seems that intranasal infusion of (R)-ketamine does not appear to cause psychotomimetic effects or
have abuse potential in humans, based on the lack of behavioral abnormalities (e.g., PPI deficits, CPP)
observed in mice after single or repeated intranasal administration[12]. Taken all together, it seems likely
that (S)-ketamine contributes to the acute psychotomimetic and dissociative effects of (R,S)-ketamine, whereas
(R)—ketamine may not be associated with these side effects [13]. @ On March 5, 2019, the US FDA approved nasal
spray of (S)-ketamine for treatment-resistant depression[1]. Due to the risk of serious adverse outcomes from
sedation and dissociation caused by administration of (S)-ketamine, as well as the potential for abuse and
misuse of the drug, FDA said that the drug will only be available through a restricted distribution system,
under a Risk Evaluation and Mitigation Strategy (REMS). Patients will self-administer (S)-ketamine under the
supervision of a health care provider in a certified doctor’s office or clinic; the nasal spray cannot be taken
home [1]. Given the lack of adverse side effects of (R)-ketaamine, it is possible that patients may take (R)-
ketamine to their home
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ABSTRACT

The N-methyl-p-aspartate receptor (NMDAR) antagonist (R,S)-ketamine produces rapid and sustained anti-
depressant effects in treatment-resistant patients with depression although intranasal use of (R,S)-ketamine in
ketamine abusers is popular. In March 5, 2019, nasal spray of (S)-ketamine for treatment-resistant depression
was approved as a new antidepressant by the US Food Drug Administration. Clinical study of (R)-ketamine is
underway. In a chronic social defeat stress (CSDS) model, we compared the antidepressant effects of (R,S)-
ketamine, (R)-ketamine, and (S)-ketamine after a single intranasal administration. Furthermore, we also com-
pared the side effects (i.e., locomotion, prepulse inhibition (PPI), abuse liability) of these three compounds in
mice. The order of potency of antidepressant effects after a single intranasal administration was (R)-
ketamine > (R,S)-ketamine > (S)-ketamine. In contrast, the order of locomotor activity and prepulse inhibition
(PPI) deficits after a single intranasal administration was (S)-ketamine > (R,S)-ketamine > (R)-ketamine. In the
conditioned place preference (CPP) test, both (S)-ketamine and (R,S)-ketamine increased CPP scores in mice
after repeated intranasal administration, in a dose dependent manner. In contrast, (R)-ketamine did not increase
CPP scores in mice. These findings suggest that intranasal administration of (R)-ketamine would be a safer

antidepressant than (R,S)-ketamine and (S)-ketamine.

1. Introduction

In 2000, Berman et al. (2000) reported a first double-blind, placebo-
controlled study of the N-methyl-p-aspartate receptor (NMDAR) an-
tagonist (R,S)-ketamine, demonstrating that (R,S)-ketamine exhibits
rapid antidepressant effects in treatment-resistant patients with major
depressive disorder (MDD). Subsequently, a number of groups re-
plicated robust antidepressant effects of (R,S)-ketamine in treatment-
resistant patients with MDD (Murrough et al., 2013; Su et al., 2017;
Zarate et al., 2006;). Interestingly, (R,S)-ketamine could produce anti-
suicidal effects in treatment-resistant patients with MDD (Grunebaum
et al., 2018; Larkin and Beautrais, 2011; Murrough et al., 2015; Price
et al.,, 2009). Several meta-analyses showed that (R,S)-ketamine ex-
hibits rapid antidepressant and anti-suicidal ideation effects in treat-
ment-resistant patients with MDD or bipolar disorder (Kishimoto et al.,
2016; Newport et al., 2015; Wilkinson et al., 2018; Xu et al., 2016). Off-
label use of (R,S)-ketamine (i.e., intravenous and intranasal adminis-
tration) for antidepressant effects is increasing in the United State of
America (USA) although the common adverse effects (e.g.,

* Corresponding author.
E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).

https://doi.org/10.1016/j.pbb.2019.04.008

psychotomimetic effects and dissociative effects) of (R,S)-ketamine are
not resolved (Singh et al., 2017; Wilkinson et al., 2017; Zhu et al.,
2016). Thus, although (R,S)-ketamine is the most attractive anti-
depressant in the treatment of severe depression, the precise mechan-
isms underlying its antidepressant actions remain elusive (Abdallah
et al., 2018; Chaki, 2017a, 2017b; Duman, 2018; Gould et al., 2019;
Hashimoto, 2016a, 2016b; Krystal et al., 2019; Monteggia and Zarate
Jr, 2015; Murrough et al., 2017; Zanos et al., 2018; Zhang and
Hashimoto, 2019a).

(R,S)-ketamine (Ki = 0.53 uM for NMDAR) is a racemic mixture
containing equal parts of (R)-ketamine (or arketamine) (Ki = 1.4 pM for
NMDAR) and (S)-ketamine (or esketamine) (Ki = 0.30 uM for NMDAR)
(Ebert et al., 1997). (R)-ketamine is reported to show greater potency
and longer-lasting antidepressant effects than (S)-ketamine in several
animal models of depression (Fukumoto et al., 2017; Yang et al., 2015,
2017a, 2017b, 2018a; Zanos et al., 2016; Zhang et al., 2014). Unlike
(S)-ketamine, (R)-ketamine might not induce psychotomimetic side
effects or exhibit abuse potential in rodents (Yang et al., 2015, 2016). In
addition, unlike (R,S)-ketamine and (S)-ketamine, (R)-ketamine did not
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cause the expression of heat shock protein HSP-70 (a marker for neu-
ronal injury) in the rat retrosplenial cortex after a single intraperitoneal
(i.p.) administration (Tian et al., 2018). A positron emission tomo-
graphy (PET) study showed a marked reduction of dopamine D,,3 re-
ceptor binding in conscious monkey striatum after a single intravenous
(i.v.) infusion of (S)-ketamine but not that of (R)-ketamine, suggesting
that (S)-ketamine-induced dopamine release might be associated with
acute psychotomimetic and dissociative side effects in humans
(Hashimoto et al., 2017). Therefore, it seems that (R)-ketamine could
be a safer antidepressant in humans than (R,S)-ketamine and (S)-keta-
mine (Hashimoto, 2014, 2016a, 2016b, 2016c).

Fukumoto et al. (2017) reported that (R,S)-ketamine (10 mg/kg)
and (R)-ketamine (10 mg/kg), but not (S)-ketamine (3 and 10 mg/kg),
significantly reversed the depressive-like behavior induced by repeated
treatments with corticosterone in rats at 24 h after a single i.p. ad-
ministration, indicating that (S)-ketamine's antidepressant effects are
less potent than (R,S)-ketamine and (R)-ketamine. On March 5, 2019,
the US Food Drug Administration (FDA) approved Janssen Pharma-
ceutical Inc.'s (S)-ketamine nasal spray for treatment-resistant depres-
sion (FDA 2019). It is well known that bioavailability (17-29%) of in-
tranasal administration of (R,S)-ketamine in humans is markedly lower
than i.v. (100%) and intramuscular (i.m.) administration (93%) (Li and
Vlisides, 2016; Peltoniemi et al., 2016; Zhang and Hashimoto, 2019a),
suggesting lower efficacy and higher individual difference of intranasal
administration compared to i.v. and i.m. administration. However,
there are no reports showing the direct comparison of intranasal ad-
ministration of (R,S)-ketamine and its two enantiomers for anti-
depressant and side effects in rodents.

The purpose of this study is to compare the antidepressant and side
effects of intranasal administration of (R,S)-ketamine and its two en-
antiomers (R)-ketamine and (S)-ketamine. First, we compared the an-
tidepressant effects of a single intranasal administration of (R,S)-keta-
mine, (R)-ketamine and (S)-ketamine in susceptible mice after chronic
social defeat stress (CSDS). Second, we compared the side effects [i.e.,
locomotion, prepulse inhibition (PPI), conditioned place preference
(CPP)] of intranasal administration of (R,S)-ketamine, (R)-ketamine
and (S)-ketamine in mice.

2. Methods and Materials
2.1. Animals

Male adult C57BL/6 mice (n = 400), aged 8 weeks (body weight
20-25 g, Japan SLC, Inc., Hamamatsu, Japan) and male adult CD1 (ICR)
mice (n = 40), aged 13-15weeks (body weight > 40g, Japan SLC,
Inc., Hamamatsu, Japan) were used. Animals were housed under con-
trolled temperatures and 128/dark cycles (lights on between 07:00 and
19:00 h), with ad libitum food (CE-2; CLEA Japan, Inc., Tokyo, Japan)
and water. The protocol was approved by the Chiba University
Institutional Animal Care and Use Committee (Permission number: 29-
420). This study was carried out in strict accordance with the re-
commendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health, USA. Animals were deeply
anaesthetized with isoflurane before being killed by cervical disloca-
tion. All efforts were made to minimize suffering.

2.2. Materials

(R)-Ketamine hydrochloride and (S)-ketamine hydrochloride were
prepared by recrystallization of (R,S)-ketamine (Ketalar®, ketamine
hydrochloride, Daiichi Sankyo Pharmaceutical Ltd., Tokyo, Japan) and
p-(—)-tartaric acid and r-(+)-tartaric acid, respectively (Zhang et al.,
2014). The dose (10, 20 or 40 mg/kg as hydrochloride) of (R,S)-keta-
mine and its enantiomers dissolved in the physiological saline was used
as previously reported (Chang et al., 2019; Yang et al., 2015, 2017a,
2017b, 2018a; Zhang et al., 2018). Other reagents were purchased
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commercially.
2.3. Chronic social defeat stress (CSDS) model

The procedure of CSDS was performed as previously reported
(Chang et al., 2019; Dong et al., 2017; Golden et al., 2011; Yang et al.,
2015, 2017a, 2017b, 2018a; Xiong et al., 2018a, 2018b; Zhang et al.,
2018). The C57BL/6 mice were exposed to a different CD1 aggressor
mouse for 10min per day for consecutive 10 days. When the social
defeat session ended, the resident CD1 mouse and the intruder mouse
were housed in one half of the cage separated by a perforated Plexiglas
divider to allow visual, olfactory, and auditory contact for the re-
mainder of the 24-h period. At 24 h after the last session, all mice were
housed individually. On day 11, a social interaction test (SIT) was
performed to identify subgroups of mice that were susceptible and
unsusceptible to social defeat stress. This was accomplished by placing
mice in an interaction test box (42 X 42 cm) with an empty wire-mesh
cage (10 x 4.5 cm) located at one end. The movement of the mice was
tracked for 2.5min, followed by 2.5min in the presence of an un-
familiar aggressor confined in the wire-mesh cage. The duration of the
subject's presence in the “interaction zone” (defined as the 8-cm-wide
area surrounding the wiremesh cage) was recorded by a stopwatch. The
interaction ratio was calculated as time spent in an interaction zone
with an aggressor/time spent in an interaction zone without an ag-
gressor. An interaction ratio of 1 was set as the cutoff: mice with
scores < 1 were defined as “susceptible” to social defeat stress and
those with scores =1 were defined as “resilient”. Approximately
70-80% of mice were susceptible after CSDS. Susceptible mice were
randomly divided in the subsequent experiments. Control C57BL/6
mice without CSDS were housed in the cage before the behavioral tests.

2.4. Treatment and behavioral tests

The CSDS susceptible mice were divided to four groups.
Subsequently, saline (0.5 ml/kg), (R,S)-ketamine (10 mg/kg), (R)-keta-
mine (10 mg/kg), or (S)-ketamine (10 mg/kg) was administered in-
tranasally into CSDS susceptible mice (Fig. 1A). Mice were restrained
by hand, and saline or ketamine was administered intranasally into
awake mice using Eppendorf micropipette (Eppendorf Japan, Tokyo,
Japan). Behavioral tests, including locomotion test (LMT), tail suspen-
sion test (TST), forced swimming test (FST) and 1% sucrose preference
test (SPT), were performed as reported previously (Dong et al., 2017;
Yang et al., 2015, 2017a, 2017b, 2018a; Xiong et al., 2018a, 2018b;
Zhang et al., 2018). LMT and TST were performed 2 and 4h after a
single injection, respectively. FST was performed 1 day after injection.
SPT was performed 2, and 7 days after a single injection (Fig. 1A).

2.4.1. Locomotion

The locomotor activity was measured by an animal movement
analysis system SCANETMV-40 (MELQUEST Co., Ltd., Toyama, Japan).
The mice were placed in experimental cages (length X width X height:
560 x 560 x 330 mm). The cumulative locomotor activity counts were
recorded for 60 min. Cages were cleaned between testing session.

2.4.2. TST

A small piece of adhesive tape placed approximately 2 cm from the
tip of the tail for mouse. A single hole was punched in the tape and mice
were hung individually, on a hook. The immobility time was recorded
for 10 min. Mice were considered immobile only when they hung pas-
sively and completely motionless.

2.4.3. FST

The FST was conducted using an automated forced-swim apparatus
(SCANET MV-40; MELQUEST Co., Ltd., Toyama, Japan). Mice were
placed individually in a cylinder (diameter: 23 cm; height: 31 cm)
containing 15cm of water maintained at a temperature of
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23°C * 1°C. The immobility time was calculated using the activity
time as (total) — (active) time by the apparatus analysis software. The
immobility time of each mouse was recorded for a period of 6 min.

2.4.4. SPT

Mice were exposed to water and 1% sucrose solution for 48 h, fol-
lowed by 4h of water and food deprivation and a 1-hour exposure to
two identical bottles (water and 1% sucrose solution). The bottles
containing water and sucrose were weighed before and at the end of
this period. The sucrose preference was calculated as a percentage of
sucrose solution consumption to the total liquid consumption.

2.5. Side effects

2.5.1. Locomotion

After habituation (60 min) in the cage, saline (0.5 ml/kg), (R,S)-
ketamine (10, 20 or 40 mg/kg), (R)-ketamine (10, 20 or 40 mg/kg), or
(S)-ketamine (10, 20 or 40 mg/kg) was injected intranasally into male
C57BL/6 mice. Locomotor activity was measured using an animal
movement analysis system (SCANET MV-40, Melquest, Toyama,
Japan). The system consisted of a rectangular enclosure
(560 x 560 mm). The side walls (height, 60 mm) of the enclosure were
equipped with 144 pairs of photosensors located at 6-mm intervals at a
height of 30 mm from the bottom edge. An animal was placed in the
observation cage 60 min from a single dose of saline or compounds. A
pair of photosensors was scanned every 0.1s to detect the animal's
movements. The intersection of paired photosensors (10 mm apart) in
the enclosure was counted as one unit of locomotor activity. Data col-
lected for 60 min after a single injection were used in this study.

2.5.2. Prepulse inhibition (PPI) test

Male C57BL/6 mice were tested for their acoustic startle reactivity
(ASR) in a startle chamber (SR-LAB; San Diego Instruments, San Diego,
CA, USA) using the standard methods described previously (Matsuura
et al.,, 2015; Yang et al., 2015; Yang et al., 2018b). The test sessions
were begun after an initial 10-min acclimation period in the chamber.
The mice were subjected to one of six trials: (1) pulse alone, as a 40 ms
broadband burst; a pulse (40 ms broadband burst) preceded by 100 ms
with a 20 ms prepulse that was (2) 4 dB, (3) 8dB, (4) 12dB, or (5) 16 dB
over background (65 dB); and (6) background only (no stimulus). The
amount of PPI was expressed as the percentage decrease in the ampli-
tude of the startle reactivity caused by presentation of the prepulse (%
PPI). Saline (0.5ml/kg), or (R,S)-ketamine (10, 20 or 40 mg/kg) [or
(R)-ketamine (10, 20 or 40 mg/kg), (S)-ketamine (10, 20 or 40 mg/kg)]
was administered intranasally 20 min (including the 10-min acclima-
tion period) before the machine records. The PPI test lasted 20 min in

Pharmacology, Biochemistry and Behavior 181 (2019) 53-59

Fig. 1. Schedule of a CSDS model, treatment,
and behavioral tests.

(A): CSDS was performed from day 1 to day 10,
and the social interaction test (SIT) was per-
formed on day 11. Saline (0.5 ml/kg), (R,S)-ke-
tamine (10 mg/kg), (R)-ketamine (10 mg/kg), or
(S)-ketamine (10 mg/kg) was administered in-
tranasally into the susceptible mice on day 12.
LMT and TST were performed 2 and 4 h after a
single injection, respectively. SPT was performed
2, and 7 days after a single injection. (B): LMT.
(day 12). (C): TST (day 12). (D): FST (day 13).
(E): SPT (day 14). (F): SPT (day 19). The values
represent the mean + S.E.M. (n =15 or 16).
*P < 0.05, **P < 0.01, ***P < 0.001 com-
pared with saline-treated susceptible mice. N.S.:
not significant. LMT: locomotion test. TST: tail
suspension test. FST: forced swimming test. SPT:
1% sucrose preference test. R-KT: (R)-ketamine.
RS-KT: (R,S)-ketamine. S-KT: (S)-ketamine.

total.

2.5.3. Conditioned place preference (CPP) test

The place conditioning paradigm (Brain Science Idea Inc., Osaka,
Japan) was used for studying ketamine-induced rewarding effects, as
reported previously (Yang et al., 2015; Yang et al., 2018b). Male
C57BL/6 mouse was allowed to move freely between transparent and
black boxes for a 15 min session once a day, for 3 days (days 1-3) as
preconditioning. On day 3, the time spent in each box was measured.
There was no significant difference between time spent in the black
compartment with a smooth floor and the white compartment with a
textured floor, indicating that there was no place preference before
conditioning. On days 4, 6, and 8, saline (0.5 ml/kg), or (R,S)-ketamine
(10, 20 or 40 mg/kg) [or (R)-ketamine (10, 20 or 40 mg/kg), (S)-keta-
mine (10, 20 or 40 mg/kg)] was intranasally administered, and then
mice were confined to either the transparent or black box for 30 min.
On days 5, 7, and 9, mice were given saline and placed in the opposite
ketamine-conditioning box for 30 min. On day 10, the post-con-
ditioning test was performed without drug treatment, and the time
spent in each box was measured for 15 min. A counterbalanced protocol
was used in order to nullify any initial preference by the mouse. The
CPP score was designated as the time spent in the drug-conditioning
sites, minus the time spent in the saline-conditioning sites.

2.6. Statistical analysis

The data show as the mean * standard error of the mean (S.E.M.).
Analysis was performed using PASW Statistics 20 (formerly SPSS
Statistics; SPSS, Tokyo, Japan). The data were analyzed using the one-
way analysis of variance (ANOVA), followed by post-hoc Fisher's Least
Significant Difference (LSD) test. The PPI data were also analyzed using
multivariate analysis of variance, followed by post-hoc Fisher's LSD test.
The P-values of < 0.05 were considered statistically significant.

3. Results

3.1. Antidepressant effects of (R,S)-ketamine, (R)-ketamine and (S)-
ketamine in CSDS susceptible mice

Locomotion showed no difference (F4,5 = 0.735, P = 0.571)
among the five groups (Fig. 1B). One-way ANOVA of TST data showed a
statistical significance (F47, = 15.23, P < 0.001) among the five
groups (Fig. 1C). Post-hoc tests showed that (R,S)-ketamine (10 mg/kg)
and (R)-ketamine (10mg/kg) significantly attenuated the increased
immobility times of TST in CSDS susceptible mice (Fig. 1C). However,
(S)-ketamine (10 mg/kg) did not attenuate the increased immobility
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time of TST in CSDS susceptible mice although (S)-ketamine slightly
decreased the increased immobility time (Fig. 1C). One-way ANOVA of
FST data showed a statistical significance (F4, = 13.77, P < 0.001)
among the five groups (Fig. 1D). Post-hoc tests showed that three
compounds (10 mg/kg) significantly attenuated the increased im-
mobility times of FST in CSDS susceptible mice (Fig. 1D). One-way
ANOVA of SPT data showed statistical significance (2 days after a single
injection: F4 75 = 20.78, P < 0.001) among the five groups (Fig. 1E).
Post-hoc tests showed that three compounds (10 mg/kg) significantly
attenuated the decreased sucrose preference of SPT in CSDS susceptible
mice (Fig. 1E). One-way ANOVA of SPT data showed statistical sig-
nificance (7 days after a single injection: F, 7, = 9.311, P < 0.001,)
among the five groups (Fig. 1F). Post-hoc tests showed that sucrose
preference of (R)-ketamine-treated group was significantly higher from
saline-treated group. However, sucrose preference of (R,S)-ketamine-
treated group and (S)-ketamine -treated group was not different from
saline-treated group (Fig. 1E and F). Collectively, the order of potency
of antidepressant effects in a CSDS model was (R)-ketamine > (R,S)-
ketamine > (S)-ketamine.

3.2. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on
locomotion in mice after a single intranasal administration

Effects of three compounds on locomotion of male mice were ex-
amined after a single intranasal administration. One-way ANOVA of the
data showed statistical significances (Fg 7o = 8.931, P < 0.001) among
the ten groups (Fig. 2A). Post-hoc tests showed that a single intranasal
administration of (R,S)-ketamine (20 and 40 mg/kg) or (S)-ketamine
(10, 20 and 40 mg/kg) significantly increased locomotion compared to
saline-treated group (Fig. 2A). Furthermore, locomotion of (S)-keta-
mine (40 mg/kg) treated mice was significantly higher than that of
(R,S)-ketamine (40 mg/kg) or (R)-ketamine (40 mg/kg) treated mice. In
contrast, all doses (10, 20 or 40 mg/kg) of (R)-ketamine did not alter
locomotion in mice (Fig. 2A).

3.3. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on PPI in
mice after a single intranasal administration

PPI test was performed to examine the effects of three compounds in
mice. There were no changes in the acoustic startle response among the
four groups for (R,S)-ketamine [Wilks lambda = 0.717, P = 0.589],
(R)-ketamine [Wilks lambda = 0.629, P = 0.226], and (S)-ketamine
[Wilks lambda = 0.588, P = 0.405] (Fig. 3A-3C).
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The MANOVA analysis of all PPI data of (R,S)-ketamine revealed
that there was a significant effect [Wilks lambda = 0.497, P = 0.042].
Treatment with (R,S)-ketamine (10, 20 or 40 mg/kg) decreased PPI at
all dB groups, in a dose dependent manner. Subsequent post-hoc tests
indicated significant differences in PPI between the saline group and
(R,S)-ketamine (40 mg/kg) group at all dB groups (Fig. 3A). In contrast,
the MANOVA analysis of all PPI data of (R)-ketamine revealed that
there was not a significant effect [Wilks lambda = 0.625, P = 0.216]
(Fig. 3B). The MANOVA analysis of all PPI data of (S)-ketamine re-
vealed that there was a significant effect [Wilks lambda = 0.299,
P < 0.001]. Treatment with (S)-ketamine (10, 20 or 40 mg/kg) de-
creased PPI at all dB groups, in a dose dependent manner. Subsequent
post-hoc tests indicated significant differences in PPI deficits between
the saline group and (S)-ketamine (20 and 40 mg/kg) group at all dB
groups. Furthermore, (S)-ketamine (10 mg/kg) significantly decreased
PPI at 73 dB (Fig. 3C).

3.4. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine on CPP
scores in mice after repeated intranasal administration

In the conditioned place preference (CPP) test (Fig. 4A), both (R,S)-
ketamine and (S)-ketamine, but not (R)-ketamine, increased CPP scores,
in a dose dependent manner (Fig. 4). Repeated intranasal administra-
tion of (R,S)-ketamine (40 mg/kg), but not the low doses (10 and
20mg/kg), significantly increased CPP scores (F334 = 3.054,
P = 0.042) (Fig. 4B). In contrast, repeated intranasal administration of
(R)-ketamine (10, 20 or 40mg/kg) did not increase CPP scores
(F3,36 = 0.072, P = 0.974) (Fig. 4C). Repeated intranasal administra-
tion of (S)-ketamine (20 and 40 mg/kg), but not the low dose (10 mg/
kg), significantly increased CPP scores (Fss3c = 14.0, P < 0.001)
(Fig. 4D).

Collectively, the order of potencies of side effects (i.e., psychosis,
abuse liability) in mice after intranasal administration was (S)-
ketamine > (R,S)-ketamine > (R)-ketamine.

4. Discussion

In the present study, we compared (R,S)-ketamine, and its two en-
antiomers, in CSDS susceptible mice (for antidepressant effects) and
control mice (for side effects). The order of potency of antidepressant
effects after a single intranasal administration to CSDS susceptible mice
is (R)-ketamine > (R,S)-ketamine > (S)-ketamine. Furthermore, the
order of potency of side effects (i.e., psychosis and abuse liability) after

Fig. 2. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-
ketamine on locomotion after a single intranasal admin-
istration.

Saline (0.5 ml/kg), (R,S)-ketamine (10, 20, or 40 mg/kg),
(R)-ketamine (10, 20, or 40 mg/kg), or (S)-ketamine (10,
20, or 40 mg/kg) was administered intranasally into male
mice. Locomotor activity was measured 60 min after a
single injection of the compounds. The values represent
the mean = S.EEM. (n=8). *P < 0.05, **P < 0.01,
***P < (0,001 compared with saline-treated mice. &
P < 0.05 compared to RS-KT (40 mg/kg). ***P < 0.001
compared to R-KT (40 mg/kg). N.S.: not significant. R-KT:
(R)-ketamine. RS-KT: (R,S)-ketamine. S-KT: (S)-ketamine.
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intranasal administration is (S)-ketamine > (R,S)-ketamine > (R)-ke-
tamine. Collectively, it is likely that (R)-ketamine would be a rapid-
acting and sustained antidepressant without side effects compared to
(R,S)-ketamine and (S)-ketamine.

In this study, we found that antidepressant effects of (R,S)-ketamine
and its two enantiomers in CSDS susceptible mice after a single in-
tranasal administration may be less potent that those of a single i.p.
administration (Dong et al., 2017; Yang et al., 2015, 2017a, 2017b,
2018a; Zhang et al., 2015; Zhang and Hashimoto, 2019b). Lower
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Fig. 3. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-
ketamine on PPI after a single intranasal administration.
(A): Saline (0.5ml/kg), or (R,S)-ketamine (10, 20, or
40 mg/kg) was administered intranasally into male mice.
(B): Saline (0.5ml/kg), or (R)-ketamine (10, 20, or
40 mg/kg) was administered intranasally into male mice.
(C): Saline (0.5 ml/kg), or (S)-ketamine (10, 20, or 40 mg/
kg) was administered intranasally into male mice. Startle
response amplitude and PPI were measured as described
in the Method Section. The values represent the
mean * S.EM. (n =9 or 10). *P < 0.05, **P < 0.01,
***p < 0.001 compared with saline-treated mice. N.S.:
not significant. R-KT: (R)-ketamine. RS-KT: (R,S)-keta-
mine. S-KT: (S)-ketamine.

Fig. 4. Effects of (R,S)-ketamine, (R)-ketamine, and (S)-
ketamine on CPP score after repeated intranasal admin-
istration.

(A): Schedule of habituation, treatment, and behavioral
test. (B): Saline (0.5 ml/kg), or (R,S)-ketamine (10, 20, or
40 mg/kg) was administered intranasally into male mice.
(C): Saline (0.5ml/kg), or (R)-ketamine (10, 20, or
40 mg/kg) was administered intranasally into male mice.
(D): Saline (0.5ml/kg), or (S)-ketamine (10, 20, or
40 mg/kg) was administered intranasally into male mice.
CPP score was measured as described in the Method
Section. The values represent the mean *+ S.E.M.
(n = 8-10). *P < 0.05, **P < 0.01, ***P < 0.001
compared with saline-treated mice. N.S.: not significant.
R-KT: (R)-ketamine. RS-KT: (R,S)-ketamine. S-KT: (S)-ke-
tamine.

bioavailability of intranasal administration of (R,S)-ketamine and its
two enantiomers may contribute to lower efficacy of intranasal ad-
ministration compared to i.p. administration. Interestingly, the potency
of antidepressant effects of (R,S)-ketamine and its two enantiomers was
not correlated with the potencies of these compounds at the NMDAR
(Ebert et al., 1997), suggesting that NMDAR inhibition may not play a
key role in the antidepressant effects of (R,S)-ketamine and its en-
antiomers. Previously, Fukumoto et al. (2017) reported that (R,S)-ke-
tamine and (R)-ketamine, but not (S)-ketamine, show antidepressant
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effects in rats with repeated corticosterone treatments after a single i.p.
administration, consistent with our current data.

Due to its serious side effects, clinical use of ketamine has remained
limited (Domino, 2010; Sanacora et al., 2017; Singh et al., 2017; Zhu
et al., 2016), although it has been used as an off-label antidepressant in
the USA (Reardon, 2018; Wilkinson et al., 2017). In this study, we
found that locomotion after a single intranasal administration of (R)-
ketamine is lower than those of (R,S)-ketamine and (S)-ketamine,
consistent with the previous reports (Ryder et al., 1978; Yang et al.,
2015) of subcutaneous or i.p. administration. Furthermore, we found
that a single intranasal administration of (R)-ketamine did not cause
PPI deficits in mice compared to (R,S)-ketamine and (S)-ketamine,
consistent with the previous reports of i.p. administration (Yang et al.,
2015). Interestingly, it was reported that the EDsy of (R)-ketamine
(6.33mg/kg) for PPI deficits in rats was higher than that of (S)-keta-
mine (2.86 mg/kg), indicating that (S)-ketamine disrupts PPI with 2.5-
fold higher potency than (R)-ketamine (Halberstadt et al., 2016). Fi-
nally, we found that repeated intranasal administration of (R)-ketamine
did not increase CPP scores in mice although (R,S)-ketamine and (S)-
ketamine increased CPP scores, in a dose dependent manner, consistent
with the previous reports of i.p. administration (Yang et al., 2015,
2018b). A PET study showed that a single i.v. infusion of (S)-ketamine
(0.5 mg/kg for 40-min), but not (R)-ketamine (0.5 mg/kg for 40-min),
produced a marked reduction of dopamine D, 3 receptor binding in
conscious monkey striatum, suggesting that (S)-ketamine-induced do-
pamine release might be associated with acute psychotomimetic and
dissociative side effects in humans (Hashimoto et al., 2017). Unlike
(R,S)-ketamine and (S)-ketamine, it seems that intranasal infusion of
(R)-ketamine does not appear to cause psychotomimetic effects or have
abuse potential in humans, based on the lack of behavioral abnormal-
ities (e.g., PPI deficits, CPP) observed in mice after single or repeated
intranasal administration (Hashimoto, 2016a, 2016b, 2016c).

Mathisen et al. (1995) reported that the incidence of side effects
(i.e., blurred vision, altered hearing, dizziness, proprioceptive dis-
turbances, illusions) of (S)-ketamine (0.45 mg/kg, i.m.) treated group in
patients with oral pain was higher than (R)-ketamine (1.8 mg/kg, i.m.)
treated group, although the dose of (S)-ketamine (0.45 mg/kg) is lower
than (R)-ketamine (1.8 mg/kg). Furthermore, it is also reported that
experiencing illusion and alterations in hearing, vision, and proprio-
ception is attributable to (S)-ketamine's actions (Oye et al., 1992;
Vollenweider et al., 1997), whereas the feelings of relaxation are as-
sociated with (R)-ketamine's actions (Vollenweider et al., 1997; Zanos
et al.,, 2018). Taken all together, it seems likely that (S)-ketamine
contributes to the acute psychotomimetic and dissociative effects of
(R,S)-ketamine, whereas (R)-ketamine may not be associated with these
side effects (Zanos et al., 2018).

On March 5, 2019, the US FDA approved nasal spray of (S)-keta-
mine for treatment-resistant depression (FDA, 2019). Due to the risk of
serious adverse outcomes from sedation and dissociation caused by
administration of (S)-ketamine, as well as the potential for abuse and
misuse of the drug, FDA said that the drug will only be available
through a restricted distribution system, under a Risk Evaluation and
Mitigation Strategy (REMS). Patients will self-administer (S)-ketamine
under the supervision of a health care provider in a certified doctor's
office or clinic; the nasal spray cannot be taken home (FDA, 2019).
Given the lack of adverse side effects of (R)-ketamine, it is possible that
patients may take (R)-ketamine to their home.

In conclusion, this study suggests that the order of potency for an-
tidepressant effects in a CSDS model after a single intranasal adminis-
tration is (R)-ketamine > (R,S)-ketamine > (S)-ketamine. In contrast,
the order of potency for side effects in mice after intranasal adminis-
tration is (S)-ketamine > (R,S)-ketamine > (R)-ketamine. Therefore, it
is likely that (R)-ketamine could be a safer antidepressant without side
effects than (R,S)-ketamine and (S)-ketamine.
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Abstract

It is reported that dopamine D, receptors in the medial prefrontal cortex play a role in the antidepressant actions of (R,S)-
ketamine. However, its role in the antidepressant actions of (R)-ketamine, which is more potent than (S)-ketamine, is
unknown. In the locomotion test, tail suspension test, forced swimming test and 1% sucrose preference test, pretreatment
with dopamine D, receptor antagonist SCH-23390 did not block the antidepressant effects of (R)-ketamine in the susceptible
mice after chronic social defeat stress. These findings suggest that dopamine D, receptors may not play a major role in the

antidepressant actions of (R)-ketamine.

Keywords Antidepressant - (R)-ketamine - Dopamine D, receptor - Social defeat stress

Introduction

The N-methyl-p-aspartate receptor (NMDAR) antagonist
(R,S)-ketamine exhibits rapid and sustained antidepressant
effects in treatment-resistant patients with major depressive
disorder [1-3]. (R,S)-ketamine is a racemic mixture con-
taining equal parts of (R)-ketamine (or arketamine) and (S)-
ketamine (or esketamine). (R,S)-ketamine (Ki=0.53 pM for
NMDAR) is a racemic mixture containing equal parts of (R)-
ketamine (or arketamine) (Ki= 1.4 pM for NMDAR) and
(S)-ketamine (or esketamine) (Ki=0.30 pM for NMDAR)
[4]. Interestingly, (R)-ketamine shows greater potency and
longer-lasting antidepressant effects than (S)-ketamine in
rodents with depression-like phenotype [5—-11]. Thus, it is
suggested that NMDAR may not play a major role in the
antidepressant effects of (R)-ketamine [12]. Importantly, side
effects of (R)-ketamine are less potent than (S)-ketamine [7,
13-15]. Collectively, (R)-ketamine may be a safer antide-
pressant in humans than (R, S)-ketamine and (S)-ketamine.
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However, the precise mechanisms underlying the antidepres-
sant actions of (R)-ketamine remain unknown.

Preclinical studies suggest that medial prefrontal cortex
(mPFC) plays a role in the antidepressant effects of (R,S)-
ketamine [or (R)-ketamine] in rats with or without depres-
sion-like phenotype [16, 17]. A recent study demonstrated
that disruption of dopamine D, receptor encoded by the
Drdl in the mPFC blocked the rapid antidepressant effects
of (R,S)-ketamine in control mice [18], suggesting that Drd]
cells, and activation of dopamine D, receptors in the mPFC,
are necessary for the rapid antidepressant actions of (R,S)-
ketamine. In contrast, Li et al. [19] reported that dopamine
D, receptor antagonist SCH-23390 did not block the antide-
pressant-like effects of ketamine in control mice, inconsist-
ent with the report from Hare et al. [18]. Importantly, these
two reports did not use rodents with depression-like pheno-
type [20]. At present, the role of dopamine D, receptors in
the antidepressant effects of (R)-ketamine in animal models
of depression such as a chronic social defeat stress (CSDS)
model has not been reported.

This study was undertaken to examine whether the pre-
treatment of dopamine D, receptor antagonist SCH-23390
could influence the antidepressant effects of (R)-ketamine
in a CSDS model.
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Methods and materials
Animals

Male adult C57BL/6 mice (n=60), aged 8 weeks (body
weight 20-25 g, Japan SLC, Inc., Hamamatsu, Japan) and
male adult CD1 (ICR) mice (n=20), aged 13—15 weeks
(body weight >40 g, Japan SLC, Inc., Hamamatsu, Japan)
were used. Animals were housed under controlled tempera-
tures and 12 h light/dark cycles (lights on between 07:00
and 19:00 h), with ad libitum food (CE-2; CLEA Japan,
Inc., Tokyo, Japan) and water. The protocol was approved
by the Chiba University Institutional Animal Care and Use
Committee (Permission number: 30-385). This study was
carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health, USA. Animals were deeply
anaesthetized with isoflurane before being killed by cervical
dislocation. All efforts were made to minimize suffering.

Materials

(R)-ketamine hydrochloride was prepared as described
previously [6]. The dose (10 mg/kg as hydrochloride) of
(R)-ketamine dissolved in the saline was used as previously
reported [7—11, 21]. The dose of SCH-233090 hydrochloride
(0.1 mg/kg, Sigma-Aldrich Co., St Louis, MO, USA) was
used as previously reported [19].

Chronic social defeat stress (CSDS) model, treatment
and behavioral tests

The procedure of CSDS and behavioral tests were performed
as previously reported [7-11, 21]. The CSDS susceptible
mice were divided to four groups; saline + saline group,

Fig.1 Schedule of CSDS, treatment, and behavioral tests. CSDS was
performed from day 1 to day 10, and the social interaction test (SIT)
was performed on day 11. Saline (10 ml/kg) or SCH-23390 (0.1 mg/
kg) was administered i.p. in the susceptible mice on day 12. Saline
(10 ml/kg) or (R)-ketamine (10 mg/kg) was administered i.p. into

@ Springer

saline + (R)-ketamine group, SCH-23390 + (R)-ketamine
group, SCH-23390 + saline group. Saline or SCH-23390
was administered intraperitoneally (i.p.) into the suscepti-
ble mice 30 min before single i.p. administration of saline
or (R)-ketamine (day 12). Control (no CSDS) mice received
saline + saline. Behavioral tests, including locomotion test
(LMT), tail suspension test (TST), forced swimming test
(FST) and 1% sucrose preference test (SPT), were per-
formed. LMT and TST were performed 2 and 4 h after a
single injection of (R)-ketamine or saline, respectively. FST
was performed 24 h after a single injection of (R)-ketamine
or saline. SPT was performed 2 and 4 days after a single
injection of (R)-ketamine or saline (Fig. 1).

Statistical analysis

The data show as the mean + standard error of mean
(S.E.M.). Analysis was performed using PASW Statistics
20 (Tokyo, Japan). The behavioral data were analyzed using
the one-way analysis of variance (ANOVA), followed by
post hoc Tukey test. The P values of less than 0.05 were
considered statistically significant.

Results

Effects of SCH-23390 in the antidepressant effect
of (R)-ketamine in a CSDS model

Locomotion showed no difference (F444=1.094,
P=0.371) among the five groups (Fig. 2a). One-way
ANOVA of TST and FST data showed a statistical signifi-
cance (TST: F, 4,=12.08, P<0.001, FST: F44=22.58,
P <0.001) among the five groups (Fig. 2b, c). Post-hoc
tests showed that (R)-ketamine (10 mg/kg) significantly

mice 30 min after administration of saline or SCH-23390. LMT and
TST were performed 2 and 4 h after a single injection of (R)-keta-
mine or saline, respectively. SPT was performed 2 and 4 days after a
single injection of (R)-ketamine or saline
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attenuated the increased immobility times of TST and
FST in susceptible mice after CSDS (Fig. 2b, c¢). However,
there were no differences between saline + (R)-ketamine
group and SCH-23390 + (R)-ketamine group in the immo-
bility times of TST and FST (Fig. 2b, c¢). Furthermore,
there were no differences between saline + saline group
and SCH-23390 + saline group in the immobility times of
TST and FST in the susceptible mice (Fig. 2b, c).

One-way ANOVA of SPT data showed statistical sig-
nificances (2 days after a single injection: F 44="7.561,
P <0.001, 4 days after a single injection: F, 4, =20.36,
P <0.001) among five groups (Fig. 2d, e). Post-hoc tests
showed that sucrose preference of saline + (R)-ketamine
group was significantly higher from saline + saline
group (Fig. 2d, e). Furthermore, sucrose preference of
saline 4 (R)-ketamine group was not different from SCH-
23390 + (R)-ketamine group (Fig. 2d, e). Moreover,
sucrose preference of saline + saline group was not differ-
ent from SCH-23390 + saline group (Fig. 2d, e).

Fig.2 Effects of SCH-23390 in the antidepressant effects of (R)-ket-
amine in a CSDS model. a LMT (day 12). b TST (day 12). ¢ FST
(day 13). d SPT (day 14) and e SPT (day 16). The values represent
the mean+S.E.M. (n=9 or 10). *P<0.05, **P<0.01, ***P <(0.001.

Discussion

We demonstrated that pretreatment with SCH-23390 did
not block the antidepressant effects of (R)-ketamine in the
susceptible mice after CSDS, suggesting that dopamine
D, receptors do not play a major role in the antidepressant
actions of (R)-ketamine.

It is reported that pretreatment with haloperidol
(0.15 mg/kg, a nonselective dopamine D,; receptor antag-
onist), but not SCH-23390 (0.04 and 0.1 mg/kg, a selective
dopamine D, receptor antagonist), significantly prevented
the antidepressant-like effects of (R,S)-ketamine (20 mg/
kg) in control mice [19]. Moreover, administration of
(R,S)-ketamine (10 mg/kg) in combination with pramipex-
ole (0.3 mg/kg, a dopamine D, receptor agonist) exerted
antidepressant-like effects compared with each drug alone
[19]. These results suggest that dopamine D,; receptors,
but not D, receptors, are involved in the antidepressant-like
effects of ketamine in control mice [19]. In contrast, bilat-
eral infusion (10 min before) of a selective dopamine D,
receptor antagonist SCH-39166 into the mPFC completely

N.S. not significance, LMT locomotion test, 7ST tail suspension test,
FST forced swimming test, R-KT (R)-ketamine, SCH SCH-23390,
SPT 1% sucrose preference test
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blocked the antidepressant-like effects of (R,S)-ketamine
in control mice [18]. In addition, infusion of a selective
dopamine D, receptor agonist SKF-81297 into the mPFC
decreased the immobility time of FST in the control mice
24 h after a single dose, suggesting antidepressant-like
effects of SKF-81297 in mice [18]. This paper suggests
that activation at dopamine D, receptors in the mPFC
may contribute to ketamine’s antidepressant-like effects
[18]. Although the reasons underlying these discrepancies
remain unclear, variations in the experimental conditions
may contribute to these discrepancies. One possibility
is the difference in the route of administration (systemic
administration of (R)-ketamine vs. direct infusion of (R,S)-
ketamine into the mPFC). Another possibility is the use of
rodents with or without depression-like phenotype. Very
interestingly, healthy control subjects exhibited modest,
but significant, increases in depressive symptoms for up
to 1 day after a single ketamine infusion [22], suggesting
that ketamine does not induce antidepressant-like effects
in healthy control subjects. Collectively, the use of rodents
with or without depression-like phenotypes may contrib-
ute to these discrepancies [20]. Therefore, further detailed
study using rodents with depression-like phenotype is
needed to confirm the role of dopamine D, receptors in
the antidepressant effects of ketamine and its enantiomers.

A high dose (30 mg/kg) of ketamine rapidly increases
extracellular dopamine in the mPFC of rats [23], suggest-
ing that ketamine-induced dopamine release may play a role
in ketamine’s actions such as antidepressant effects [18].
A recent study demonstrated that (S)-ketamine caused a
robust increase in dopamine release in the PFC compared
with (R)-ketamine [24]. If ketamine-induced dopamine
release in the PFC plays a key role in the antidepressant
effects of ketamine, (S)-ketamine must be more potent than
(R)-ketamine in animal models of depression. Nonetheless,
further detailed study underlying the role of dopamine D,
receptors in the antidepressant effects of ketamine and its
enantiomers is needed.

In conclusion, this study showed that pretreatment with
SCH-23390 did not block the acute and long-lasting antide-
pressant effects of (R)-ketamine in a CSDS model. There-
fore, it is unlikely that dopamine D, receptors play a major
role in the antidepressant actions of (R)-ketamine although
this may, in part, contribute to its other pharmacological
actions.
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Abstract

The N-methyl-D-aspartate receptor antagonist ketamine has been widely used
as an off-label medication to treat depression because it elicits rapid and robust
antidepressant effects in treatment-resistant patients with depression. (R,S)-
ketamine is a racemic mixture containing equal amounts of (R)-ketamine (or
arketamine) and (§)-ketamine (or esketamine). On March 5, 2019, the United
States Food and Drug Administration approved an (S)-ketamine nasal spray
for treatment-resistant depression. In contrast, (R)-ketamine has been reported
to have a greater potency and longer-lasting antidepressant effects than (S)-
ketamine in rodent models of depression. However, the precise mechanisms
underlying the robust antidepressant effects of ketamine enantiomers remain
unknown. In this chapter, we discuss recent findings on the antidepressant
actions of two enantiomers of ketamine.
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Antidepressant Actions of Ketamine
and Its Two Enantiomers

Lijia Chang, Yan Wei, and Kenji Hashimoto

Abstract The N-methyl-D-aspartate receptor antagonist ketamine has been widely
used as an off-label medication to treat depression because it elicits rapid and robust
antidepressant effects in treatment-resistant patients with depression. (R,S)-ketamine
is a racemic mixture containing equal amounts of (R)-ketamine (or arketamine) and
(S)-ketamine (or esketamine). On March 5, 2019, the United States Food and Drug
Administration approved an (S)-ketamine nasal spray for treatment-resistant depres-
sion. In contrast, (R)-ketamine has been reported to have a greater potency and
longer-lasting antidepressant effects than (S)-ketamine in rodent models of depres-
sion. However, the precise mechanisms underlying the robust antidepressant effects
of ketamine enantiomers remain unknown. In this chapter, we discuss recent find-
ings on the antidepressant actions of two enantiomers of ketamine.

Keywords Arketamine - Ketamine - Esketamine

1 Introduction

Ketamine is a noncompetitive N-methyl-D-aspartate receptor (NMDAR) antagonist
that has drawn significant attention in recent decades from scientists all over the
world because of its robust antidepressant effects (Cusin 2019; Duman 2018;
Hashimoto 2016b, 2017, 2019). Ketamine was first synthesized at Parke-Davis
(Detroit, MI, USA) by Calvin Lee Stevens in 1962, with a study of ketamine’s dis-
sociative anesthetics effects in the prison population quickly following in 1964
(Cohen et al. 2018; Domino 2010; Li and Vlisides 2016). Afterward, ketamine’s
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anesthetic effects were subsequently confirmed by other investigators, and the drug
began to be employed as an anesthetic in humans and animals in 1966 (Domino
2010; Stevenson 2005). In view of ketamine’s unique pharmacological properties of
pain relief and sedation (Gao et al. 2016), it was approved formally for use by the
United States (US) Food and Drug Administration (FDA) in 1970 and was placed
by the World Health Organization (WHO) in 1985 onto an essential medicines list
as an intravenous anesthetic (Gowda et al. 2016; WHO 2011).

Berman et al. (2000) first conducted a placebo-controlled study of ketamine
application in eight patients with major depressive disorder (MDD), who were
given a dosage of 0.5 mg/kg over 40 min; their depressive symptoms significantly
improved within 3 days, while feelings of perceptual disturbances or euphoria
occurred in the same patients after treatment (Berman et al. 2000). More generally,
in these individuals, the drug produced rapid-acting and sustained antidepressant
effects although psychotomimetic effects were also reported after a single infusion
of ketamine (Berman et al. 2000). Subsequent studies replicated the noted robust
antidepressant effects of ketamine in treatment-resistant patients with MDD and
bipolar disorder (BD) (Zarate et al. 2006; Newport et al. 2015; Kishimoto et al. 2016).

Despite ketamine’s powerful antidepressant effects in humans, there are some
potential drawbacks that cannot be neglected. When used as an anesthetic for anes-
thesia in surgical procedures, acute and chronic pain management, and critical care
(Kurdi et al. 2014), side effects such as hallucinations, agitation, confusion, and
psychotomimetic effects resembling schizophrenia can follow (Domino 2010; Gao
et al. 2016; Krystal et al. 1994; Kurdi et al. 2014). For some patients, ketamine also
brings about cognitive impairments (Molero et al. 2018; Szlachta et al. 2017), uri-
nary tract inflammation (Sihra et al. 2018), liver enzyme abnormalities (Zhao et al.
2018), and other symptoms such as an increase in the heart rate or blood pressure
(Sheth et al. 2018). Further, considering the effects reported during recreational
usage or the euphoric “dissociated” state caused by higher doses, there exists a
potential for abuse no matter what the drug’s original intended purpose in a situation
is (Heal et al. 2018; Ivan Ezquerra-Romano et al. 2018; Liao et al. 2017; Morgan
and Curran 2012; Tracy et al. 2017). At present, however, there are no superior

Fig. 1 Chemical structure of ketamine and its two enantiomers. The values in the parenthesis are
the Ki value for the NMDAR (Hashimoto 2019)
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antidepressants to ketamine that show robust antidepressant effects in patients with
MDD (Duman 2018).

Ketamine is a racemic mixture containing equal amounts of (R)-ketamine (or
arketamine) and (S)-ketamine (or esketamine) (Fig. 1) (Domino 2010). Different
affinities and potencies of these two ketamine enantiomers exist. (S)-ketamine has
about a three- to fourfold greater affinity for the NMDAR as compared with (R)-
ketamine (Fig. 1). Conversely, (S)-ketamine holds approximately a three- to four-
fold greater anesthetic potency and shows greater undesirable psychotomimetic side
effects in comparison with (R)-ketamine (Domino 2010; Hashimoto 2016b, c). In
prior research, (R)-ketamine showed a greater degree of potency and longer-lasting
antidepressant effects than (S)-ketamine in several rodents model of depression
(Fukumoto et al. 2017; Yang et al. 2015, 2018a; Zhang et al. 2014), and (R)-ketamine
also did not present side effects on psychotomimetic actions or abuse liability in
contrast with (S)-ketamine (Chang et al. 2019a; Yang et al. 2015). Third, (R)-
ketamine is expected to constitute a safer choice than either (R,S)-ketamine or (S)-
ketamine in consideration of its antidepressant actions (Chang et al. 2019a;
Hashimoto 2016b, c). However, the precise molecular and cellular mechanisms
underlying ketamine’s antidepressant effects remain to be elucidated. To date, there
is much debate ongoing about the molecular mechanisms underlying ketamine’s
antidepressant effects in humans and rodents alike. Therefore, it is necessary to
summarize the current findings on ketamine’s antidepressant effects to further the
understanding of the neurobiology of ketamine’s actions.

2 (R,S)-Ketamine’s Antidepressant Effects

2.1 (R,S)-Ketamine’s Antidepressant Effects

Data from the WHO indicate that more than 300 million people of all ages are suf-
fering from depression, which is the leading cause of disability worldwide, leading
to a great expenditure of medical and health resources (WHO 2017). Currently
available antidepressants have a delay period of approximately 3—4 weeks before
they begin working, and about 30% of patients with depression are resistant entirely
to these antidepressants (Zhang and Hashimoto 2019). Moreover, other NMDAR
antagonists except ketamine have failed in clinical trials (Hashimoto 2019).
Therefore, it is unlikely that NMDAR inhibition plays a key role in the antidepres-
sant actions of ketamine.

(R,S)-Ketamine’s antidepressant effects have been studied for almost 20 years
after Berman et al.’s seminal report (Berman et al. 2000). In the following decade,
most studies on patients with MDD have revealed promising prospects for the use
of (R,S)-ketamine’s antidepressant effects. Furthermore, clinical trials conducted on
the subjects of ketamine’s administration dosage, timing, route, curative effect, tol-
erability, safety, and antisuicidal effects have also been investigated. Even its use in
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different types of depression, including treatment-resistant depression, posttrau-
matic stress disorder (PTSD), and bipolar depression, has been explored in more
recent studies (Bobo et al. 2016; Liriano et al. 2019; Schwartz et al. 2016; Zhang
and Hashimoto 2019). Further, several rodent models of depression [i.e., the learned
helplessness (LH) model, chronic unpredictable mild stress (CUMS) model, and
chronic social defeat stress (CSDS) model] have been established for the purpose of
testing (R,S)-ketamine’s antidepressant effects (Krishnan and Nestler 2011). In
short, an array of research modalities including original investigations, clinical tri-
als, systematic reviews, and meta-analyses have been used to study (R,S)-ketamine’s
antidepressant effects (Krishnan and Nestler 2011; Sanacora et al. 2017; Short et al.
2018; Singh et al. 2017; Veraart et al. 2018).

2.2 (R,S)-Ketamine’s Antidepressant Effects in Humans

In clinical trials, interventional studies have been adopted for evaluating the benefi-
cial effects of (R,S)-ketamine. A number of randomized single-/double-blind pla-
cebo-/drug-controlled studies have been performed by many researchers to observe
the antidepressant effects of (R,S)-ketamine in patients with MDD, who were often
infused with only a single intravenous dose of 0.5 mg/kg. Berman et al. (2000) first
reported the double-blinded and placebo-controlled study of (R,S)-ketamine. Then,
Zarate et al. (20006) replicated that a high number (71%) of participants showed
significant improvements in depressive symptoms within 24 h of drug administra-
tion, and 25% of the study subjects showed antidepressant effects for at least 1 week
after a single dose of ketamine as part a randomized, placebo-controlled, double-
blind crossover study.

A review of the ClinicalTrials.gov database found that about 160 applications
from around the world for studying (R,S)-ketamine’s antidepressant effect on
patients with depression existed by the end of June 2019. Study subjects mainly
included those with MDD with or without suicide ideation, treatment-resistant
depression, BD, and PTSD. Studies chiefly involved a randomized single-blind or
double-blind design and were placebo-controlled or midazolam-controlled inter-
ventions. Collectively, it seems that (R,S)-ketamine is viewed as a promising antide-
pressant for the treatment of severe depression. Systematic reviews and meta-analyses
have also been adopted as investigational means by scientists for evaluating the
impact of the antidepressant effect of (R,S)-ketamine. Such meta-analyses often
include treatment-resistant patients with MDD or BD, and their data are mainly a
collection of those from randomized controlled trials (RCTs) (Coyle and Laws
2015; Kishimoto et al. 2016; Newport et al. 2015; Serafini et al. 2014; Wilkinson
et al. 2018).

(R,S)-Ketamine appears to exhibit rapid antidepressant and antisuicidal ideation
effects in treatment-resistant patients with depression. Two midazolam-controlled
randomized clinical trials conducted in depressed patients with low levels of sui-
cidal ideation (Grunebaum et al. 2018; Murrough et al. 2013a) demonstrated rapid
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reductions in suicidal ideation and depressive symptoms within 24 h after
treatment with (R,S)-ketamine as compared with in the midazolam
treatment group (Grunebaum et al. 2018; Murrough et al. 2013a). (R.S)-
Ketamine has similarly demonstrated early emerging evidence of having
antisuicidal effects in depressed patients with suicidal ideation in other research
that last from 1 day to 1 week (Bartoli etal. 2017; Reinstatler and Youssef
2015; Wilkinson et al. 2018).

In special studies on treatment-resistant depression, (R,S)-ketamine has
been proposed as an effective antidepressant, but there is a lack of long-term
data on sustained depression remission in patients (Serafini etal. 2014;
Papadimitropoulou et al. 2017). When considering bipolar depression, (R,S)-
ketamine was found to be an effective antidepressant (Parsaik et al. 2015), but
there is also limited evidence to support the maintenance of a response for up to
24 h following a single intravenous dose of ketamine in bipolar depression, and
(R,S)-ketamine did not show a statisti-cal advantage in remission of bipolar
depression (McCloud et al. 2015). Therefore, more RCT studies are needed to
verify (R,S)-ketamine’s antidepressant effect in different types of depression.

2.3 Routes of Administration of (R,S)-Ketamine

An understanding of the route of administration of (R,S)-ketamine is required
to confirm its antidepressant effects. There exist a number of studies on routes
of administration of (R,S)-ketamine, including intravenous, intramuscular,
intranasal, subcutaneous, oral, sublingual, transmucosal, and intrarectal, and the
bioavailability of these forms of administration varies widely as determined by
the absorption of pharmacokinetics although the intravenous route is the most
commonly used in patients with depression at this time (Andrade 2017,
Hashimoto 2019; Zanos etal. 2018; Zhang and Hashimoto 2019). The

bioavailability of intranasal administration of (R,S)-ketamine is lower than that of
either intravenous or intramuscular adminis-tration (Hashimoto 2019; Zhang and
Hashimoto 2019). In an effort to assess the safety and efficacy of (R,S)-
ketamine, Andrade (2017) suggested that the infusion of ketamine by the
subcutaneous, intranasal, and oral routes is worth further study based on their
clinical practicability. Retrospective data from 22 patients given oral ketamine at a
dose of 50 mg per 3 days, which was titrated up by 25 mg per 3 days, showed that
30% of patients with treatment-resistant depression responded to the oral (R,S)-
ketamine and approximately 70% patients had no improvement in mood
symptoms (Al Shirawi et al. 2017). Rosenblat et al. (2019) published a systematic
review involving a small number of clinical studies that suggested that oral
ket-amine could produce significant antidepressant effects, but the drug’s
antisuicidal effects and efficacy remain undetermined in patients with
treatment-resistant depression. Andrade (2019) suggested that oral ketamine
should be evaluated by higher-quality studies in the future. Elsewhere, intranasal
administration of a single dose of 50 mg of (R,S)-ketamine in a 2014

randomized, double-blind crossover study led to depressive symptoms being
significantly improved in 44% of patie_rlés?_
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(8/18) after 24 h, with minimal psychosis and dissociation observed in the study
(Lapidus et al. 2014). Thus, multiple routes other than the intravenous infusion of
ketamine are under consideration in research.

2.4 (R,S)-Ketamine’s Antidepressant Effects

Repeated ketamine infusion is very important for maintenance therapy of
patients with treatment-resistant depression (Murrough et al. 2013b; Strong
and Kabbaj 2018). In a randomized controlled trial, the infusion of ketamine
with three meth-ods, including single, repeated, and maintenance, was performed
to observe (R,S)-ketamine’s antidepressant effects in treatment-resistant patients;
results suggested that a single intravenous dose (0.5 mg/kg) over 40 min

significantly improved depressive symptoms after 24 h of infusion.

Elsewhere, six repeated infusions worked for a time in 59% of participants
whose response criteria met the clinical needs, while these participants had no
further benefit from weekly maintenance infusions based on the Montgomery—
Asberg Depression Rating Scale (MADRS) scores (Phillips etal. 2019). In
addition, the efficiency of (R,S)-ketamine’s antide-pressant effects were also
investigated in patients with PTSD treated by eight repeated ketamine
infusions done over 4 weeks (Abdallah et al. 2019) and in those with unipolar and
bipolar depressive disorder with current suicidal ideation treated by six repeated
ketamine infusions performed during a 12-day period (Zhan et al. 2019; Zheng
etal. 2018); these studies supported that the rapid and robust antide-pressant
effects of (R,S)-ketamine can be cumulative and sustained following
repeated  infusion.  Despite  ketamine’s  potential for abuse and
psychotomimetic effects, it represents a new drug option for antidepressant
treatment. Thus, further investigation of (R,S)-ketamine’s antidepressant effects is
necessary.

2.5 (R,S)-Ketamine’s Antidepressant Effects in Rodents

Animal models of depression were adopted by researchers to investigate
(R,S)-ketamine’s antidepressant effects. Animal models of depression have
previously been used for the development of new antidepressants (Fernando and
Robbins 2011; Pittenger etal. 2007). In a shock-induced depression model,

Chaturvedi etal. (1999) reported that the antidepressant effects of (R,S)-
ketamine at a dose range of 2.5-10 mg/kg significantly reduced ambulation
and rearing in the open field test and increased the immobility time during the
forced swimming test as compared with in control mice who received no shock. In
a rat LH model, Koike et al. (2011) reported that (R,S)-ketamine (10 mg/kg)

exerted rapid and sustained antidepressant effects for at least 72 h after treatment,
in which the number of escape failures significantly decreased in the LH paradigm
and the immobility time during the tail suspension test was significantly reduced
in comparison with in the vehicle—treatg% §£oup. Ina
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CUMS model of either mice or rats, (R,S)-ketamine at a single dose of 10 mg/kg
elicited rapid-onset and long-lasting antidepressant effects as evaluated by the
behavioral tests of forced swimming, tail suspension, and sucrose preference; even
the ameliorated anhedonia lasted for 8 days in this model (Ma et al. 2013; Sun et al.
2016). Hollis and Kabbaj (2014) suggested in their research that CSDS model is a
valuable research tool for investigating possible causes and treatments for human
depression. In a CSDS model, as compared with the TrkB agonists
7,8-dihydroxyflavone and TrkB antagonist ANA-12, (R,S)-ketamine showed longer-
lasting antidepressant effects for 7 days (Zhang et al. 2015). In contrast, however,
Donahue et al. (2014) reported that a single administration of ketamine (10 mg/kg)
showed a rapid antidepressant effect in a CSDS model, attenuating social avoidance
in the social interaction test but having no effect on anhedonia in the intracranial
self-stimulation test (Donahue et al. 2014).

In addition, inflammation-induced mice or rat depression models, such as those
using lipopolysaccharides or complete Freund’s adjuvant, can also be useful in
observing (R,S)-ketamine’s antidepressant effects, in that depression-like behaviors
were often determined by forced swimming test; sucrose preference test; and the
pro-inflammatory cytokine levels of interleukin (IL)-1p, IL-6, and tumor necrosis
factor-a (Ji et al. 2019; Remus and Dantzer 2016; Reus et al. 2017; Zhang et al.
2016). However, (R,S)-ketamine’s potential psychotomimetic and other unwanted
side effects have also been well-documented in these animal models, prompting
behaviors such as hyperlocomotion, prepulse inhibition deficits, conditioned place
preference, schizophrenia-like psychotic symptoms, and novel object recognition
impairment (Becker et al. 2003; Chan et al. 2013; Chang et al. 2019a; Giorgetti
etal. 2015; Imre et al. 2006; Lahti et al. 1995; Ma and Leung 2018; Yang et al. 2015;
Zanos et al. 2017), which may pose a major barrier to further clinical study in
patients with MDD.

3 (S)-Ketamine’s Antidepressant Effects

3.1 (S)-Ketamine’s Antidepressant Effects

(S)-Ketamine is an isomer of (R,S)-ketamine, which was introduced for medical use
in analgesia and anesthesia in the early 1990s (Esketamine 2006; Trimmel et al.
2018). The US FDA originally stated that the stereoisomers of (R,S)-ketamine had
not received enough attention for its commercial development in 1992 (Luft and
Mendes 2005). Now, (S)-ketamine has been brought into greater focus over (R,S)-
ketamine for its antidepressant effects in patients with treatment-resistant depres-
sion, due to its incorporation into a nasal spray approved by the US FDA on March
5, 2019 (Canady 2019; US Food and Drug Administration 2019). The evaluation of
the (S)-ketamine nasal spray was conducted by way of four phase III RCTs, includ-
ing three short-term (4-week) clinical trials and a withdrawal maintenance-of-effect
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trial, where patients experienced many side effects including disassociation, dizzi-
ness, nausea, sedation, vertigo, anxiety, and lethargy (US Food and Drug
Administration 2019). Therefore, there are many challenges in the study of (S)-
ketamine, which cannot meet the needs of all patients with MDD, and even the
antidepressant efficiency and the side effects of (S)-ketamine are still under discus-
sion. On the other hand, the existing literature or studies concerning the use of (5)-
ketamine in patients with MDD number far less than those on the topic of
(R,S)-ketamine, but the latter is still not yet approved by FDA for treatment via any
route of administration.

In a case report, Paslakis et al. (2010) reported their results obtained with using
off-label oral (S)-ketamine (1.25 mg/kg) within 14 days: two patients with treatment-
resistant depression showed rapid and sustained improvement in their psychopa-
thology within the first week, while another two patients did not respond to the drug
throughout the entire treatment period. In addition, several studies have concluded
that (S)-ketamine produces similar antidepressant effects to those of (R,S)-ketamine
(Paul et al. 2009) but is better-tolerated than (R,S)-ketamine, yet severe psychotomi-
metic effects with (S)-ketamine have also been reported (Correia-Melo et al. 2017,
Paul et al. 2009). It is worth mentioning that a case series of repeated (S)-ketamine
(0.25 mg/kg over 40 min) off-label use demonstrated an improvement in depressive
symptoms in 50% of the patients following infusion within 1 or 2 weeks, although
25% of the patients suffered from dissociative symptoms (Segmiller et al. 2013).
Another case series reported that the safety and efficacy of (S)-ketamine were well
demonstrated in patients with treatment-resistant depression (TRD); still, the poten-
tial for associated psychotic symptoms can leave some patients out of consideration
(Ajub and Lacerda 2018). Thus, additional case studies are needed to review the
efficacy and psychosis effects of (S)-ketamine.

According to clinical trials records from ClinicalTrials.gov, about 18 applica-
tions for studying (S)-ketamine’s antidepressant effect in patients with depression
have been uploaded as of April 1, 2019. Some clinical trials have been completed,
while others are currently recruiting patients. The route of administration in these
clinical trials is mainly intranasal injection, for evaluating the efficacy and safety in
patients with MDD or TRD. Therapeutic regimens in these clinical trials also
include single and repeated administration. Singh et al. (2016) found in a double-
blind, multicenter, randomized, placebo-controlled trial involving patients with
TRD that 67% and 64% of the patients, respectively, responded to (S)-ketamine
given at a single dose of 0.2 mg/kg or 0.4 mg/kg over 40 min within 1 day. Another
clinical trial of a head-to-head study compared the antidepressant actions of (S)-
ketamine and (R,S)-ketamine in 96 individuals with TRD given a single dose of
(S)-ketamine (0.25 mg/kg) or (R,S)-ketamine (0.5 mg/kg) over 40 min (Correia-
Melo et al. 2018). The authors considered their study as the best way to evaluate the
efficacy and safety of (.S)-ketamine and (R,S)-ketamine, as adverse p sychotomi-
metic effects between the two compounds may be different (Correia-Melo et al.
2018). Clinical trials still need to provide more powerful evidence to assist the clini-
cal application of (S)-ketamine in depression or TRD.
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Other research on (S)-ketamine’s antidepressant effects mainly involves combi-
nation therapy. Bartova et al. (2015) investigated combined intravenous therapy of
(8)-ketamine and oral tranylcypromine in two patients with multi-treatment-resistant
depression, showing a confusing outcome of evident antisuicidal effects but no
detailed improvement in antidepressant effectiveness. Electroconvulsive therapy
(ECT) plus (S)-ketamine has also been applied in three patients with TRD. Kallmunzer
etal. (2016) reported that all subjects showed remission in terms of suicidal ideation
and no serious side effects during treatment. In contrast, another clinical trial sug-
gested that (S)-ketamine (0.4 mg/kg in a bolus) as adjuvant therapy with propofol
made no contribution to the enhanced role of ECT in patients with resistance to
antidepressants, even going as far as to cause adverse effects like posttreatment
disorientation and restlessness (Jarventausta et al. 2013). Although ECT can help to
remedy depression, there is still a lack of clear evidence (Read et al. 2019).
Therefore, there is no valid data to prove the combination of (S)-ketamine and ECT
is beneficial, especially given that the antidepressant effects of (R,S)-ketamine are
more potent than those of ECT (Muller et al. 2016).

In humans, the idea of using (S)-ketamine as an antidepressant is relatively new
and its intranasal treatment modality has recently been receiving a lot of attention.
However, many challenges need to be faced in future study. For instance, how about
its optimal dose and route of administration? How to solve its side effects during
treatment? How long does it sustain antidepressant effects? More importantly, how
does it work as an antidepressant? These questions remain without an answer at
this time.

3.2 (S)-Ketamine’s Antidepressant Effects in Rodents

Animal experiments aimed at elucidating (S)-ketamine’s antidepressant effect and
its underlying mechanisms have also been conducted although no definitive answer
was achieved. The current findings point out that (S)-ketamine works in a very com-
plicated way, in that it can bind to multiple receptors in an organism, such as
NMDAR, opioid receptors, monoamine receptors, adenosine receptors, a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAR) receptors, metabotropic
glutamate receptors, L-type calcium channels, and other purinergic receptors (Kohrs
and Durieux 1998; Trimmel et al. 2018). The prevailing view is that (S)-ketamine’s
antidepressant effect is related with the noncompetitive inhibition of NMDAR
through binding to the phencyclidine (PCP) sites (Sinner and Graf 2008), due to its
three- to fourfold higher affinity in comparison with (R)-ketamine (Domino 2010;
Kohrs and Durieux 1998). Yet, (S)-ketamine dominates in the areas of anesthetic
potency and undesirable psychotomimetic side effects over (R)-ketamine, in that
seeing illusions, hearing and vision changes, and proprioception are related to (S)-
ketamine, while feelings of relaxation are connected with the actions of (R)-
ketamine (Zanos et al. 2018).
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Treccani et al. (2019) suggested that a single dose of (S)-ketamine (15 mg/kg)
can induce acute antidepressant action in a rat model of depression, concluding first
that dendritic spine density rapidly (<1 h) increases in brain structural changes and
also that balancing the relationship between cofilin activity, homer3 levels, and the
NMDAR subunits GIuN2A and GluN2B plays a key role in the antidepressant
effect. However, Ide et al. (2017), upon investigating the role of GIuN2D in the
antidepressant effects of ketamine enantiomers, suggested that such did not play a
key role in the sustained antidepressant effects of (R,S)-ketamine and (S)-ketamine
but rather in those of (R)-ketamine. Recent studies have indicated that (S)-ketamine
elicits its acute and sustained antidepressant-like actions via a 5-hydroxytryptamine
(5HT) receptor-dependent mechanism, which is confirmed via the forced swim-
ming test by comparing the vortioxetine, fluoxetine, and (S)-ketamine in the sero-
tonin system or by using the 5-HTp receptor agonist CP94253 in a genetic rat
model (du Jardin et al. 2016, 2017).

Other studies of note regarding the mechanisms of (S)-ketamine’s antidepressant
actions are as follows. In a rat depression model of maternal deprivation, it was sug-
gested that a single dose of (§)-ketamine showed long-term antidepressant effects
through acting against neural damage induced by oxidative stress (Reus et al. 2015).
In a long-term corticosterone infusion rat model of depression, it was suggested that
(S)-ketamine decreased depressive-like behaviors for at least 4 weeks, but not in a
manner related with rapid maturity of the new hippocampal neurons (Soumier et al.
2016). In a rat hippocampus study, Ardalan et al. (2017) put forward the notion that
a single injection (15 mg/kg) of (S)-ketamine improved the immobility behavior
during the modified forced swim test within 24 h after treatment, proving that astro-
cyte plasticity in the hippocampus has a bearing on the (S)-ketamine antidepressant
effect in a rat genetic animal model of depression.

4 (R)-Ketamine’s Antidepressant Effects

4.1 Summary of the Differences Between (R)-Ketamine
and (S)-Ketamine

With the deepening and development of research, the focus on antidepressant effects
will be quickly shifted toward (R)-ketamine, because its advantages are becoming
more and more obvious. As compared with (S)-ketamine, (R)-ketamine has been
proven to be more potent and have longer-lasting antidepressant effects and was
deemed to be free of psychotomimetic side effects in many studies on rodent mod-
els of depression (Chang et al. 2019a; Fukumoto et al. 2017; Yang et al. 2015,
2016b; Zhang et al. 2014), signifying that (R)-ketamine will be one of the most
promising antidepressants.

(R)-Ketamine is an isomer of (R,S)-ketamine. (R)-ketamine is a left-handed mol-
ecule, while (S)-ketamine is a right-handed molecule, per the carbon connections in
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either one or the other direction of nonsuperimposable mirror images, prompting a
difference in the body metabolism (Calvey 1995; Kharasch and Labroo 1992). As
compared with (S)-ketamine, (R)-ketamine has a lower affinity to the PCP binding
site of the NMDAR, with a lower anesthetic potency (Thomson et al. 1985; White
et al. 1985; Zeilhofer et al. 1992). In addition, (R)-ketamine could also weakly bind
to the sigma receptor sites, without (S)-ketamine binding to these sites (Vollenweider
et al. 1997). Research on the side effects of the two isomers showed that (R)-
ketamine produces a feeling of relaxation or “well-being,” while (S)-ketamine is
mainly responsible for psychotomimetic effects, such as dissociations in hearing,
vision, and proprioception (Hashimoto 2019; Vollenweider et al. 1997; Zanos et al.
2018). Moreover, Marietta et al. (1977) reported acute toxic effects of racemic ket-
amine and its two isomers at the dose of 40 mg/kg in male Sprague-Dawley rats
based on median lethal dose values, indicating that (R)-ketamine is more secure
than (R,S)-ketamine and (S)-ketamine, and its potential advantage is not a fatal drug
according to the high dose and with less posthypnotic stimulation.

4.2 Different Antidepressant Effects Between (R)-Ketamine
and (S)-Ketamine

Our group reported that (R)-ketamine has a greater potency and longer-lasting anti-
depressant roles than (S)-ketamine in rodent models of depression (Yang et al. 2015;
Zhang et al. 2014). In addition, it was suggested that ketamine’s side effects (e.g.,
psychotomimetic behaviors, neurotoxicity, abuse potential) may be associated with
(S)-ketamine but not (R)-ketamine (Chang et al. 2019a; Hashimoto 2016a, b, c).
Subsequently, different kinds of depression models with comparative objects and
their relevant behavioral tests were employed to evaluate and identify the advan-
tages of (R)-ketamine’s antidepressant effects. Fukumoto et al. (2017) reported that
(R)-ketamine can elicit longer-lasting antidepressant effects than (S)-ketamine in
forced swimming and tail suspension tests, and (R)-ketamine showed a sustained
antidepressant effect in a treatment-refractory model while (S)-ketamine did not.
Moreover, Fukumoto et al. (2017) also suggested that (R)-ketamine’s antidepressant
effects may be related with AMPAR by testing the rats of a repeated corticosterone
treatment model with an AMPAR antagonist, NBQX (Fukumoto et al. 2017). In a
conscious positron-emission tomography study, a single infusion of (S)-ketamine
but not (R)-ketamine caused dopamine release, indicating that (S)-ketamine-induced
dopamine release may be associated with acute psychotomimetic and dissociative
effects in humans (Hashimoto et al. 2017).

In addition, further research on the molecular mechanisms revealed more data
about the differences between (R)-ketamine and (S)-ketamine. Specifically, the
extracellular-signal-regulated kinase signaling pathway may play a role in (R)-
ketamine’s antidepressant effects, while the mammalian target of rapamycin signal-
ing pathway plays a role in the antidepressant effects of (S)-ketamine (Yang et al.
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2018a). Nevertheless, glutamate is the primary excitatory neurotransmitter in the
human brain in physiology (Jewett and Thapa 2019) and its participation in the role
of ketamine’s antidepressant effects should not be neglected in the following study,
although we still cannot explain the real difference between (R,S)-ketamine and its
two isomers (Zanos and Gould 2018). Even more important, the causes for the dif-
ferences in antidepressant effects between (R)-ketamine and (S)-ketamine may be
related with the gut microbiota—brain axis (Qu et al. 2017; Yang et al. 2017). As
compared with (S)-ketamine, (R)-ketamine significantly attenuated the decrease in
the levels of Mollicutes of susceptible mice in a CSDS model, and (R)-ketamine
presented a stronger advantage than (S)-ketamine in reducing the levels of
Butyricimonas (Yang et al. 2017).

4.3 (R)-Ketamine’s Antidepressant Effects

(R)-ketamine has its own special features of antidepressant effects from the current
study. As compared with the NMDAR partial agonist rapastinel, (R)-ketamine had
longer-lasting antidepressant effects and significantly changed the brain-derived
neurotrophic factor-TrkB signaling in a CSDS model (Yang et al. 2016a). Recent
Ph3 data of rapastinel were negative (Hashimoto 2019).

In the light of the complex physiology and particularity that of NMDAR for
regulating the electroneurographic signal in depression by voltage-gated ion chan-
nel influx, including calcium, sodium, and potassium (Cui et al. 2018; Yang et al.
2018Db). Tian et al. (2018b) reported that the low-voltage-sensitive, T-type calcium
channel blocker ethosuximide did not produce rapid or sustained antidepressant
effects in a CSDS model, although (R)-ketamine showed rapid and sustained anti-
depressant effects in the same model (Tian et al. 2018b). Furthermore, Xiong et al.
(2019) reported that the Kir4.1 inhibitors quinacrine and sertraline did not improve
the depression-like behaviors during the tail suspension test and forced swimming
test in a CSDS model, while (R)-ketamine produced rapid and sustained antidepres-
sant effects in this model (Xiong et al. 2019).

Treatment with the 5-HT inhibitor para-chlorophenylalanine methyl ester hydro-
chloride also did not impact the antidepressant effects of (R)-ketamine in s CSDS
model (Zhang et al. 2018). Furthermore, dopamine D, receptors may not play a
major role in the antidepressant actions of (R)-ketamine, because pretreatment with
the dopamine D, receptor antagonist SCH-23390 did not block the antidepressant
effects of (R)-ketamine in the CSDS model (Chang et al. 2019b).

Given the role of gamma-aminobutyric acid receptors in depression (Zanos et al.
2017), both (R)-ketamine and MRK-016 (full inverse GABA, agonist) displayed
rapid antidepressant effects, while only (R)-ketamine produced a longer-lasting
antidepressant effect in a CSDS model (Xiong et al. 2018).

In addition, (R)-ketamine’s antidepressant effects had regional differences in rat
brains. A single bilateral infusion of (R)-ketamine was injected into the brain in a rat
LH model of depression, showing that the infralimbic cortex of the medial prefrontal
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cortex (mPFC), dentate gyrus, and CA3 subregions of the hippocampus are related
with (R)-ketamine’s antidepressant effects as compared with other injection site
areas including the mPFC subregion PrL, subregions of the shell and core in NAc,
and BLA and CeA subregions of the amygdala, which had nothing to do with the
antidepressant effects of (R)-ketamine (Shirayama and Hashimoto 2017). No toxic-
ity was shown in the brain after repeated, intermittent administration with (R)-
ketamine, with no loss in parvalbumin immunoreactivity in the brain region of
mPFC and hippocampus observed, which was the opposite finding to those of (S)-
ketamine (Yang et al. 2016b). Additionally, another interesting finding regarding
neuropathological changes revealed that the neuronal injury marker heat shock pro-
tein HSP-70 was expressed in the rat retrosplenial cortex not because of (R)-
ketamine but instead due to (R,S)-ketamine and (§)-ketamine (Tian et al. 2018a).

Based on the above findings, (R)-ketamine shows the rapid-acting and long-
lasting antidepressant effects in rodents although its precise mechanism underlying
these effects is still uncertain. A clinical trial of (R)-ketamine in humans is currently
underway (Hashimoto 2019).

5 Conclusion

The discovery of the robust antidepressant actions of (R,S)-ketamine in depressed
patients is serendipitous (Krystal et al. 2019). However, (R,S)-ketamine has not
been approved by the US FDA for antidepressant treatment in clinical application
because of a lack of patent. An (S)-ketamine nasal spray was approved by the FDA
on March 5, 2019, although its side effects are known and it must be administrated
under supervision in a certified doctor’s office or outpatient clinic after treatment. It
seems that antidepressant effects of (S)-ketamine in patients with MDD are less
potent than those related with (R,S)-ketamine in clinical studies. Although there is
no clinical trial of (R)-ketamine in patients with MDD, many preclinical data show
its more potent antidepressant effects without side effects, suggesting that (R)-
ketamine could be a safer antidepressant alternative to (R,S)-ketamine and (S)-
ketamine. Due to its lower adverse side effects, we are looking forward to seeing
more data on (R)-ketamine’s antidepressant effects in patients with MDD and other
psychiatric disorders.
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Essential role of microglial transforming growth
factor-B1 in antidepressant actions of (R)-ketamine
and the novel antidepressant TGF-31
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Abstract

In rodent models of depression, (R)-ketamine has greater potency and longer-lasting antidepressant effects than (S)-
ketamine; however, the precise molecular mechanisms underlying the antidepressant actions of (R)-ketamine remain
unknown. Using RNA-sequencing analysis, we identified novel molecular targets that contribute to the different
antidepressant effects of the two enantiomers. Either (R)-ketamine (10 mg/kg) or (S)-ketamine (10 mg/kg) was
administered to susceptible mice after chronic social defeat stress (CSDS). RNA-sequencing analysis of prefrontal cortex
(PFO) and subsequent GSEA (gene set enrichment analysis) revealed that transforming growth factor (TGF)-(3 signaling
might contribute to the different antidepressant effects of the two enantiomers. (R)-ketamine, but not (5)-ketamine,
ameliorated the reduced expressions of Tgfb1 and its receptors (Tgforl and Tgfbr2) in the PFC and hippocampus of
CSDS susceptible mice. Either pharmacological inhibitors (i.e., RepSox and SB431542) or neutralizing antibody of TGF-
31 blocked the antidepressant effects of (R)-ketamine in CSDS susceptible mice. Moreover, depletion of microglia by
the colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX3397 blocked the antidepressant effects of (R)-ketamine
in CSDS susceptible mice. Similar to (R)-ketamine, the recombinant TGF-1 elicited rapid and long-lasting
antidepressant effects in animal models of depression. Our data implicate a novel microglial TGF-B1-dependent
mechanism underlying the antidepressant effects of (R)-ketamine in rodents with depression-like phenotype.
Moreover, TGF-B1 and its receptor agonists would likely constitute a novel rapid-acting and sustained antidepressant
in humans.

Introduction depressive disorder (MDD). Subsequently, several groups

In 1990, Trullas and Skolnick! demonstrated that N-
methyl-D-aspartate receptor (NMDAR) antagonists such
as (4+)-MK-801 showed antidepressant-like effects in
rodents. In 2000, Berman et al.> demonstrated the rapid-
acting and sustained antidepressant effects of the
NMDAR antagonist ketamine in patients with major
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replicated the robust antidepressant effects of ketamine in
treatment-resistant patients with either MDD or bipolar
disorder®™'°. Interestingly, ketamine rapidly reduced sui-
cidal thoughts in depressed patients with suicidal ideation
within 1 day and for up to 1 week'"'% In addition, it is
suggested that suicidal thoughts may be related to
symptoms of anhedonia independent of other depressive
symptoms'>. Meta-analyses revealed that ketamine has
rapid-acting and sustained antidepressant effects and anti-
suicidal ideation effects in treatment-resistant patients
with depression**~*¢, Importantly, meta-analyses showed
that the effect sizes of ketamine are larger than those of
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other NMDAR antagonists'*', suggesting that NMDAR
blockade is not a sole mechanism of antidepressant action
for ketamine. The collective rapid-acting and sustained
antidepressant actions of ketamine in depressed patients
are serendipitous in the field of psychiatry;”’19 however,
the precise molecular and cellular mechanisms underlying
antidepressant effects of ketamine remain to be eluci-
dated®*~>°. Off-label use of ketamine is popular in the
United States (US), although the adverse side-effects (i.e.,
psychotomimetic effects, dissociation, and abuse liability)
of ketamine remain to be resolved*>*”.

Ketamine (Ki = 0.53 pM for NMDAR), also known as (R,
S)-ketamine, is a racemic mixture that contains equal
amounts of (R)-ketamine (or arketamine) (Ki= 1.4 pM for
NMDAR) and (S)-ketamine (or esketamine) (Ki= 0.30 uM
for NMDAR)?*. Preclinical data have shown that (R)-keta-
mine displays greater potency and longer -lasting anti-
depressant effects than (S)-ketamine in rodent models of
depression®**, suggesting that NMDARs do not play a
major role in the robust antidepressant effects of keta-
mine®*, Importantly, in both rodents and monkey, the side-
effects of (R)-ketamine were lower than were those of (R,S)-
ketamine and (S)-ketamine®***=2%. In addition, in humans,
the incidence of psychotomimetic side-effects of (S)-keta-
mine (0.45 mg/kg) was higher than that of (R)-ketamine
(1.8 mg/kg), although the dose of (S)-ketamine was lower
than was that of (R)-ketamine®. Though (S)-ketamine
produced psychotic reactions, including depersonalization
and hallucinations, the same dosage of (R)-ketamine did not
induce psychotic symptoms in the healthy subjects, and
most of them experienced a state of relaxation®”. These
results indicate that (S)-ketamine contributes to the acute
side-effects of ketamine, whereas (R)-ketamine may not be
associated with these side-effects”>**. On 5 March 2019, the
US Food & Drug Administration approved (S)-ketamine
nasal spray for treatment-resistant depressed patients. Due
to the risk of serious adverse effects, (S)-ketamine nasal
spray can be obtained only through a restricted distribution
system under the Risk Evaluation and Mitigation Strategy.
A clinical trial of (R)-ketamine in humans is underwayM.
Meanwhile, little is known about the precise molecular
mechanisms underlying the different antidepressant effects
of the two enantiomers™**>**%,

The aim of this study was to identify the novel mole-
cular mechanisms underlying the antidepressant effects of
(R)-ketamine in animal models of depression. First, we
conducted RNA-sequencing analysis of the prefrontal
cortex (PFC) of chronic social defeat stress (CSDS) sus-
ceptible mice treated with either (R)-ketamine or (S)-
ketamine, as PFC contributes to the antidepressant
actions of ketamine and its enantiomers®>****, Second,
we studied the effects of pharmacological inhibitors and a
neutralizing antibody of the novel target in the anti-
depressant effects of (R)-ketamine. Finally, we investigated
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whether the novel molecule (i.e., TGF-P) has rapid-acting
and sustained antidepressant effects in rodent models of
depression.

Materials and methods
Animals

Male adult C57BL/6 mice, aged 8 weeks (body weight
20-25 g, Japan SLC, Inc., Hamamatsu, Japan), male CD1
mice, aged 14 weeks (body weight 40-45 g, Japan SLC,
Inc., Hamamatsu, Japan) were used in the experiments.
Male Sprague-Dawley rats, aged 7 weeks (body weight
200-230 g, Charles-River Japan, Co., Tokyo, Japan) were
used for learned helplessness (LH) model. No blinding for
animal experiments was done. Animals were housed
under controlled temperature and 12 h light/dark cycles
(lights on between 07:00-19:00), with ad libitum food and
water. The study was approved by the Chiba University
Institutional Animal Care and Use Committee.

Compounds and treatment

(R)-ketamine hydrochloride and (S)-ketamine hydro-
chloride were prepared by recrystallization of (R,S)-keta-
mine (Ketalar’, ketamine hydrochloride, Daiichi Sankyo
Pharmaceutical Ltd., Tokyo, Japan) and D-(-)-tartaric acid
(or L— (+4)-tartaric acid), respectivelyzg. The purity of
these enantiomers was determined by a high-performance
liquid chromatography (CHIRALPAK" IA, Column size:
250 x 4.6 mm, Mobile phase: n-hexane/dichloromethane/
diethylamine (75/25/0.1), Daicel Corporation, Tokyo,
Japan)?®, The dose (10 mg/kg as hydrochloride salt) of
(R)-ketamine and (S)-ketamine was selected as reported
previously”***?*73* RepSox (10 mg/kg, ip., a TGF-B1
receptor inhibitor; Selleck Chemicals, Co., Ltd, Houston,
TX, USA), SB431542 (10uM, 2yl icv, a TGF-B1
receptor inhibitor; Tocris Bioscience, Ltd., Bristol, UK),
neutralized TGF-f antibody (Catalog #: MAB1835-500;
R&D System, Inc. Minneapolis, MN), and mouse IgG1
control antibody (Catalog #: MAB002; R&D System, Inc.
Minneapolis, MN) were used. Recombinant mouse TGEF-
B1 (Catalog #: 7666-MB-005; R&D System, Inc. Minnea-
polis, MN) and recombinant mouse TGF-p2 (Catalog #:
302-B2; R&D System, Inc. Minneapolis, MN) were used as
previously reported*>*°, PLX3397 [Pexidartinib: a colony-
stimulating factor 1 receptor (CSF1R) inhibitor, Med-
ChemExpress Co., Ltd, Monmouth Junction, NJ] was
used to decrease microglia in the brain. LPS (Catalog #: L-
4130, serotype 0111:B4, Sigma-Aldrich, St Louis, MO,
USA) was used for inflammation model of depression.
Other reagents were purchased commercially.

CSDS model and LPS-induced model

The procedure of CSDS was performed as previously
reported®”*>73*%”  Detailed methods were shown in the
supplemental information.
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RNA-sequencing analysis

(R)-Ketamine (10 mg/kg) or (S)-ketamine (10 mg/kg)
was administered intraperitoneally (i.p.) to susceptible
mice after CSDS (Fig. 1a). PFC was collected 3 days after a
single administration. RNA-sequencing analysis of PFC
samples was performed at Tataka Bio Inc. (Kusatsu, Shiga,
Japan). Analysis of the biological functions was performed
using gene set enrichment analysis (GSEA)(http://
software broadinstitute.org/gsea/index.jsp).

Gene expression analysis by quantitative real-time PCR
Control mice and CSDS susceptible mice were sacri-
ficed 3 days after intraperitoneal (i.p.) administration of
saline (10 ml/kg), (R)-ketamine (10 mg/kg), or (S)-keta-
mine (10 mg/kg). The PFC and hippocampus were quickly
dissected on ice from whole brain since these brain
regions play a key role in antidepressant effects of (R)-
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ketamine®*. Detailed methods were shown in the sup-
plemental information.

Inhibition of TGF-B1 inhibitors and neutralizing antibody
To examine the role of TGF-P1 in the antidepressant
effects of (R)-ketamine, two inhibitors (RepSox and
SB431542) of TGF-p receptor 1 were used.
RepSox (10 mg/kg, ip.) or vehicle (10 ml/kg, i.p.) was
injected 30 min before i.p. administration of (R)-ketamine
(10 mg/kg) in CSDS susceptible mice. SB431542 (10 pM,
2 ul, i.cv.) or vehicle (2ul, icv.) was injected 30 min
before i.p. administration of (R)-ketamine (10 mg/kg) in
CSDS susceptible mice. The neutralizing antibody of
TGF-P1 (1 pg/ml, 2 pL, i.c.v.) or control antibody (1 pg/
ml, 2 L, i.c.v.) was injected 30 min before i.p. adminis-
tration of (R)-ketamine (10 mg/kg) in CSDS susceptible
mice. Subsequently, behavioral tests were performed.

Fig. 1 Schedule of CSDS, treatment, RNA-sequencing analysis, and gene expression. a The schedule of chronic social defeat stress (CSDS)
model, treatment, and collection of brain. b GSEA: TGF-f signaling. ¢ TgfbT mRNA in the PFC (one-way ANOVA, F3,,= 10827, P<0.001). d Tgfb2
mRNA in the PFC (one-way ANOVA, F3 50 = 1.795, P=0.181). e Tgfbr1 mRNA in the PFC (one-way ANOVA, F3 50 = 5.175, P = 0.008). f Tgfbr2 mRNA in
the PFC (one-way ANOVA, F3,50=6.801, P=0.002). Data are shown as mean + SEM. (n = 6). *P < 0.05, **P < 0.01. ANOVA, analysis of variance; GSEA
gene set enrichment analysis, N.S. not significant, R-KT (R)-ketamine, S-KT (5)-ketamine.
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Depletion of microglia by PLX3397

PLX3397 was reported to eliminate microglia in the
brain**~*°, For preliminary experiment, PLX3397 (10 uM
or 100 uM, 2 pl, i.c.v.) or vehicle [10% dimethyl sulfoxide
(DMSO) and 90% (sulfobutylether-B-cyclodextrin)(SBE-
B-CD)] was administered to mice under isoflurane anes-
thesia. The PFC was collected 6, 12, and 24 h after i.c.v.
infusion, and Western blot analysis of Ibal in the PFC was
performed.

To examine the effects of microglia depletion, PLX3397
(100 uM, 2 pl, i.c.v.) or vehicle (10% DMSO and 90% SBE-
B-CD) was administered to mice under isoflurane anes-
thesia. PFC was collected 24 h after injection. Right PFC
and left PFC were used for FACS analysis and Western
blot of Ibal, respectively.

To examine the effects of microglia depletion on anti-
depressant effects of (R)-ketamine, PLX3397 (100 uM,
2 ul, icv.) or vehicle (10% DMSO and 90% SBE-B-CD)
was administered to CSDS susceptible mice under iso-
flurane anesthesia. Saline (10ml/kg) or (R)-ketamine
(10 mg/kg) was administered i.p. 24 h after injection of
PLX3397 or vehicle. Subsequently, behavioral tests were
performed.

Antidepressant effects of TGF-B1 in a CSDS model

Effects of recombinant TGF-B1 in a CSDS model, LPS
model, and LH model were examined. Saline (2 pL, i.c.v.)
or (R)-ketamine (1 mg/ml, 2 pL, i.c.v.) was administered to
CSDS susceptible mice. Saline (2 pL, i.c.v.) was adminis-
tered to control mice. Subsequently, behavioral tests were
performed.

Antidepressant effects of TGF-B1 in a LPS-induced
inflammation model

Inflammation model by lipopolysaccharide (LPS) was
performed as previously reported®’ >, Saline (10 ml/kg)
or LPS (0.5 mg/kg) was administered i.p. to mice. Under
isoflurane anesthesia, saline (2 pl, i.c.v.) or TGF-f1 (10 ng/
pl, 2 pl, i.c.v.) was administered to mice 23 hrs after LPS
administration. The locomotion and FST were performed
1 and 3 h after injection, respectively.

For intranasal administration, saline (15 pul) or TGF-f1
(1.5 pg, 15 ul) was administered to mice 23 hrs after LPS
administration, as previously reported®®. Mice were
restrained by hand, and saline or TGF-f1 was adminis-
tered intranasally into awake mice using Eppendorf
micropipette (Eppendorf Japan, Tokyo, Japan). The
locomotion and FST were performed 1 and 3 h after
injection, respectively.

Behavioral tests

Behavioral tests including locomotion, tail suspension
test (TST), forced swimming test (FST), and one %
sucrose preference test (SPT) were performed as
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previously reported®®****7?*, Detailed methods were
shown in the supplemental information.

Learned helplessness (LH) model

Rat LH paradigm was performed as previously repor-
ted***. Detailed methods were shown in the supple-
mental information.

Western blot analysis of Iba1

Western blot analysis was performed as reported pre-
viously*?**1*2, Detailed methods were shown in the
supplemental information.

Double staining by in situ hybridization and
immunohistochemistry

Mice were deeply anesthetized with isoflurane and
sodium pentobarbital, and transcardially perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).
The brains were further immersed in the same fixative
overnight, cryoprotected in 20% sucrose/phosphate-buf-
fered saline (PBS), and frozen by liquid nitrogen. The
brains were sectioned coronally on a cryostat (CM3050S;
Leica Biosystems, Germany) at 25 pm thickness. The
cryosections were treated with proteinase K (40 pg/ml;
Merck). After they were washed and acetylated, sections
were incubated with a digoxigenin (DIG)-labeled mouse
Tgfbl (cat#: G430055L01), Tgfbrl (cat#: F630025]19), or
Tgfbr2 (cat#: 1420016D17) cRNA probes (DNAFORM,
Yokohama, Kanagawa, Japan). After the sections were
washed in buffers with serial differences in stringency,
they were incubated with an alkaline phosphatase-
conjugated anti-DIG antibody (1:5000; Roche, Japan).
The cRNA probes were visualized with freshly prepared
colorimetric substrate (NBT/BCIP; Roche, Japan). After
visualized, sections were incubated with primary anti-
bodies overnight at RT. All antibodies were diluted in PBS
with 0.1% Triton X-100. The following antibodies were
used: anti-Ibal (cat#: 019-19741, 1:1000, rabbit, poly-
clonal; Wako, Japan), and anti-S100b (cat#: ab52642,
1:200, rabbit, monoclonal; Abcam, Cambridge, UK). the
sections were sequentially incubated with anti-rabbit IgG
biotinylated secondary antibodies (1:250, goat, polyclonal;
Vector Laboratories, USA) for 90 min at room tempera-
ture (RT), an avidin-biotin complex (Vector Laboratories,
USA) for 30 min at RT, and then the colorimetric reac-
tions were developed with DAB (3,3’-diaminobenzidine)
(ImmPACT DAB; Vector Laboratories, USA). Images of
the sections were captured using a light microscope (BZ-
X710; Keyence, Japan).

FACS analysis

Mouse PEC tissues were mashed and passed through a
70 um mesh to prepare single cell suspension then sub-
jected for FACS analysis. Cells were stained with
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monoclonal antibodies against cell surface antigens at 4 °C
for 30 min, then washed with PBS. In indicated cells, cells
were fixed and permeabilized using FoxP3 staining buffer
set (Invitrogen) according to the manufacturer instruc-
tion. Then intracellular antigens were stained with indi-
cated antibodies at room temperature for 30 min. The
following antibodies were used for staining; anti
TMEM119-PE (Abcam, Cambridge, UK), allophycocyanin
conjugated anti CD11b (BD Bioscience, Franklin Lakes,
NJ), anti  Ibal-FITC (Abcam), anti TGE-
B-allophycocyanin (BioLegend, San Diego, CA). The
stained cells were analyzed using FACSCantII and FlowJo
software (BD).

Statistical analysis

The data show as the mean + standard error of the mean
(S.E.M.). Analysis was performed using PASW Statistics
20 (formerly SPSS Statistics; SPSS). The data were ana-
lyzed using Student t-test or the one-way analysis of
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variance (ANOVA), followed by post hoc Tukey test. The
P-values < 0.05 were considered statistically significant.

Results
RNA-sequencing analysis of PFC samples

To identify the novel molecular targets for the anti-
depressant effects of (R)-ketamine, we collected PFC
samples 3 days after either (R)-ketamine (10 mg/kg) or
(S)-ketamine (10 mg/kg) were administered to CSDS
susceptible mice. We performed RNA-sequencing analy-
sis of PFC samples from animals treated with either (R)-
ketamine or (S)-ketamine (Fig. 1a). GSEA revealed that
TGE-B signaling might be involved in the differential
antidepressant effects of the two enantiomers (Fig. 1b).
We found reduced expression of Tgfbl and its receptors
(Tgfbr!l and Tgfbr2) in the PFC and hippocampus from
CSDS susceptible mice (Fig. 1c—f and Fig. S1). Conversely,
the expression of Tgfb2 in the PFC and the hippocampus
did not differ in the four groups (Fig. 1c—f and Fig. S1).

Fig. 2 Effects of TGF-B1 inhibitors (RepSox and SB431542) and neutralizing TGF-B1 antibody on antidepressant effects of (R)-ketamine in
CSDS model. a Locomotion (1 h, one-way ANOVA, F435 = 0.146, P = 0.964). b TST (3 h, one-way ANOVA, F435 = 5439, P=0.002). ¢ FST (1 day, one-
way ANOVA, F435 = 2919, P=0.035). d SPT (2 days, one-way ANOVA, f435=7.011, P<0.001). Data are shown as mean + SEM. (n = 8). *P < 0.05, **P <
0.01. e Locomotion (1 h, one-way ANOVA, F435 =0.299, P=0.877). f TST (3 h, one-way ANOVA, f435 = 16.586, P < 0.001). g FST (1 day, one-way
ANOVA, F435 =4.686, P = 0.004). h SPT (2 day, one-way ANOVA, F435 = 6.161, P = 0.001). i Locomotion (1 h, one-way ANOVA, f455 = 0.020, P = 0.999).
j TST (3 h, one-way ANOVA, F435 = 8.165, P < 0.001). k FST (1 day, one-way ANOVA, f,35 =4.012, P=0.015). I SPT (2 day, one-way ANOVA, f,35 =
3.872, P =0.021). Data are shown as mean £ SEM. (n = 8). *P < 0.05, **P < 0.01. ANOVA analysis of variance, CA control antibody, FST forced swimming
test, NA neutralizing antibody, N.S. not significant, R-KT (R)-ketamine, SB SB431542, SPT sucrose preference test, TST tail suspension test.
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Interestingly, (R)-ketamine (10 mg/kg), but not (S)-keta-
mine (10 mg/kg), significantly ameliorated the reduced
expression of these genes (Fig. 1c—f and Fig. S1).

Effects of TGF-1 inhibitors and neutralizing antibody in
the antidepressant effects of (R)-ketamine

To study the role of TGF-f1 in the antidepressant
effects of (R)-ketamine, we used two TGF-f receptor 1
inhibitors: RepSox and SB431542. Pretreatment with
RepSox (10 mg/kg, i.p., 30 min) significantly blocked the
antidepressant effects of (R)-ketamine in CSDS suscep-
tible mice (Fig. 2a-d). Likewise, pretreatment with
SB431542 (10 uM, 2 pl, i.c.v., 30 min) significantly blocked
the antidepressant effects of (R)-ketamine in CSDS sus-
ceptible mice (Fig. 2e—h). Moreover, pretreatment with
neutralizing antibody of TGF-f1 (1pg/ml, 2pL, icwv,
30 min) significantly blocked the antidepressant effects of
(R)-ketamine in CSDS susceptible mice (Fig. 2i—1). These
findings indicate that TGF-B1 might contribute to the
antidepressant effects of (R)-ketamine in CSDS suscep-
tible mice.

Role of microglial TGF-B1

TGF-B1 is constitutively expressed in microglia into
adulthood™. An earlier study demonstrated that TGF-B1
was necessary for the in vitro development of microglia
and that microglia were absent in the brain of TGF-$1-
deficient mice®®, suggesting that TGF-B1 plays a key role
in microglia. Microglia rely on cytokine signaling, such as
activation of CSFIR and TGF-B1, for their survival®’. In
situ hybridization with cell-type marker immunostaining
revealed high expression of Tgfbl and its receptors
(Tgfbrl and Tgfbr2) in microglia, but not in astrocytes, in
mouse brain PFC (Fig. 3).

To examine whether microglia TGF-P1 contributes to
the antidepressant effects of (R)-ketamine, we studied the
impact of microglial depletion on the antidepressant
effects of (R)-ketamine. Preliminary experimentation
revealed that i.c.v. injection of PLX3397, a potent CSFIR
inhibitor, reduced the Ibal protein in the mouse PFC (Fig.
S2). In this study, we used the time (24 h) of PLX3397
(100 pM, 2 yl, i.c.v.). Using FACS analysis, we analyzed the
expression of both Ibal and TGF-f1 in
TMEM119*CD11b" microglia in the PFC. Pretreatment
with PLX3397 significantly reduced the expression of
both TGF-B1 and Ibal in TMEM119"CD11b" microglia
(Fig. 4a—c). Furthermore, Western blot analysis revealed
that PLX3397 injection reduced Ibal protein in the PFC
(Fig. 4d). These findings indicate partial depletion of
microglia by PLX3397 in the PFC.

Next, we studied the impact of PLX3397 on the anti-
depressant effects of (R)-ketamine in CSDS susceptible mice
(Fig. 5a). There were no changes in locomotion among the
five groups (Fig. 5b). Findings from the TST and the forced
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swim test (FST), showed that PLX3397 significantly blocked
the antidepressant effects of (R)-ketamine for increased
immobility time of both TST and FST (Fig. 5¢, d). In the
SPT, PLX3397 significantly blocked the effects of (R)-
ketamine for reduced sucrose preference in CSDS suscep-
tible mice (Fig. 5e). Collectively, partial depletion of
microglia by PLX3397 significantly blocked the anti-
depressant effects of (R)-ketamine in CSDS susceptible mice
(Fig. 5). These findings indicate that microglia-expressing
molecules, including TGF-B1 and its receptors, contribute
to the antidepressant effects of (R)-ketamine in a CSDS
model.

Antidepressant effects of TGF-B1 in rodent models of
depression

Finally, we studied whether mouse recombinant TGF-
B1 has antidepressant effects in three animal models of
depression. First, we studied the effects of TGF-B1 and
TGF-B2 in the CSDS model (Fig. 6a). There were no
changes in locomotion in the four groups (Fig. 6b, h). A
single i.c.v. injection of (R)-ketamine (1 mg/ml, 2 ul)
produced rapid and sustained antidepressant effects in
CSDS susceptible mice, consistent with the previous
report®®. Similar to (R)-ketamine, i.c.v. infusion of
TGF-p1 (10ng/ml, 2ul) significantly the increased

Fig. 3 In situ hybridization and immunohistochemistry. a
Representative image of Tgfb! mRNA (purple) and Ibal protein
(brown, marker for microglia) or S100b protein (brown, marker for
astrocyte). b Representative image of Tgforl mRNA. ¢ Representative
image of Tgfbr2 mRNA. Tgfb1 and its receptors (Tgfbr1 and Tgfbr2) are

co-localized with microglia, but not astrocytes. Scale bar = 100 pm.
|\ J
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Fig. 4 FACS analysis of PFC samples from vehicle or PLX3397 treated mice. a FACS analysis of CD11b-gated cells stained with antibody to

TMEM119 in PFC samples of control mice and PLX3397 treated mice. b Ibal and TGF-B1 expression in TMEM1197CD11b™ microglia were analyzed.
Red histograms indicate control group and blue histograms indicate PLX3397 treated group. ¢ The fluorescence intensity of both Ibal and TGF-31 in
TMEM1197CD11b™ microglia in the PFC of PLX3397 treated mice was significantly (Ibal: P=0.0186, TGF-B1: P=0.0002) lower than that of control
mice. d Western blot analysis of Ibal in the PFC samples of control mice and PLX3397 treated mice. Representative bands of Western blot analysis.
The expression of Ibal in the PFC of PLX3397 treated mice was significantly (P = 0.0023) lower than that of control mice. Data are shown as mean +
SEM. (control group: n =10, PLX group n=9). *P < 0.05, **P < 0.01, ***P < 0.001.

immobility time of both TST and FST in CSDS sus-
ceptible mice (Fig. 6¢, d). In the SPT, i.c.v. infusion of
TGEF-P1 significantly the reduced sucrose preference in
CSDS susceptible mice (Fig. 6e-g). Interestingly, we
detected the beneficial effects of TGF-f1 seven days
after a single injection (Fig. 6g), indicating long-lasting
antidepressant effects of TGF-B1. Conversely, TGF-32
(10 ng/ml, 2 pl) did not produce antidepressant effects
in CSDS susceptible mice, though (R)-ketamine (1 mg/
ml, 2 ul) produced rapid and sustained antidepressant
effects in the same model (Fig. 6h-1).

Moreover, a single i.c.v. infusion of TGF-B1 (10 ng/ml, 2 pl)
significantly attenuated the increased immobility time of FST
in LPS (0.5 mg/kg)-treated mice (Fig. 7a—c). In addition, a
single intranasal administration of TGF-B1 (1.5pug, 15ul)
significantly attenuated the increased immobility time of FST
in LPS-treated mice (Fig. 7d—f). In a rat LH model, bilateral i.
c.v. infusion of TGF-B1 (250 ng/side) significantly reduced
the failure number and latency of LH rats 4 days after i.c.v.
injection (Fig. 7g—i). These findings indicate that

recombinant TGF-pl1 has ketamine-like robust anti-
depressant effects in rodent models of depression.

Discussion

The main findings of this study are as follows: First, RNA-
sequencing and GSEA revealed the role of TGE-p signaling
in the beneficial antidepressant effects of (R)-ketamine
compared with (S)-ketamine. RT-PCR revealed reduced
expression of Tgfb1 and its receptors (Tgfbrl and Tgfbr2) in
the PFC and the hippocampus from CSDS susceptible mice.
Furthermore, (R)-ketamine, but not (S)-ketamine, atte-
nuated the reduced expression of these genes in the PFC
and the hippocampus of CSDS susceptible mice. Second,
pharmacological inhibitors and neutralizing antibody of
TGEF-B1 blocked the antidepressant effects of (R)-ketamine
in CSDS susceptible mice, indicating a role of TGEF-
B1 signaling in the antidepressant effects of (R)-ketamine.
Third, partial depletion of microglia by PLX3397 blocked
antidepressant effects of (R)-ketamine in CSDS susceptible
mice, indicating a role of microglia in the antidepressant
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Fig. 5 Effects of PLX3397 on antidepressant effects of (R)-ketamine in a CSDS model. a Chronic social defeat stress (CSDS) was performed from
day 1 to day 10 for 10 days. Social interaction test was performed on day 11. On day 12, vehicle or PLX3397 was administered i.c.v. to CSDS
susceptible mice. On day 13, saline or (R)-ketamine (10 mg/kg) was administered i.p. 24 h after injection of PLX3397. Locomotion and FST were
performed 1 and 3 h after injection, respectively. FST and SPT were performed 1 and 2 days after injection, respectively. b Locomotion (1 h, one-way
ANOVA, F435 =0.226, P=0.921). ¢ TST (3 h, one-way ANOVA, F435 = 13.706, P < 0.001). d FST (1 day, one-way ANOVA, F, 35 = 5362, P = 0.005). e SPT
(2 day, one-way ANOVA, f,35 = 6.045, P = 0.003). Data are shown as mean + SEM. (n = 8). *P < 0.05, **P < 0.01. ANOVA analysis of variance, FST forced
swimming test, N.S. not significant, PLX PLX3397, R-KT (R)-ketamine, SPT sucrose preference test, TST tail suspension test.

effects of (R)-ketamine. Lastly, recombinant TGF-f1 elicited
rapid-acting and long-lasting antidepressant effects in
CSDS, LPS, and LH models of depression. Overall, it
appears likely that (R)-ketamine can exert antidepressant
effects by normalizing microglial TGF-B1 signaling in the
PFC and the hippocampus of CSDS susceptible mice.
Furthermore, TGF-B1 has ketamine-like antidepressant
effects in rodent models.

Microglia are the only cell type that express CSFIR.
CSF1R knockout mice are devoid of microglia®. Moreover,
it has been reported that repeated treatment with CSF1R
inhibitors, such as PLX3397, cause a dramatic reduction in
the number of microglia within the adult brain**~>°,

Interestingly, microglia are absent in the brains of central
nervous system TGE-B1 knockout mice®. Thus, microglia
in the adult brain are physiologically dependent upon
CSFIR and TGF-B1 signaling””. In this study, a single i.c.v.
injection of PLX3397 produced significant reduction of Ibal
and TGF-Pl in the PFC, suggesting partial depletion of
microglia in the PFC. Interestingly, pretreatment of
PLX3397 significantly blocked the antidepressant effects of
(R)-ketamine in CSDS susceptible mice. Overall, it appears
likely that microglial TGF-B1 in the PFC might contribute
to the antidepressant effects of (R)-ketamine.

In this study, ic.v. infusion of TGF-P1 produced rapid-
acting and long-lasting antidepressant effects in a CSDS
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Fig. 6 Effects of recombinant TGF-B1 and TGF-B2 in a CSDS model. a Chronic social defeat stress (CSDS) was performed from day 1 to day 10 for
10 days. Social interaction test was performed on day 11. On day 12, vehicle or TGF-B1 (or TGF-32) was administered i.c.v. to CSDS susceptible mice.
Locomotion and TST were performed 1 and 3 h after injection, respectively. FST was performed 1 day after injection. SPT was performed 2, 4, and
7 days after injection. b Locomotion (1 h, one-way ANOVA, f350 = 0.122, P =0.946). ¢ TST (3 h, one-way ANOVA, f3,50 = 2.352, P=0.041).d FST (1 day,
one-way ANOVA, f350=3.650, P=0.030). e SPT (2 day, one-way ANOVA, f3,0= 3410, P=0.037). f SPT (4 day, one-way ANOVA, F3,,=8.140, P =
0.001). g SPT (7 day, one-way ANOVA, F350=6.278, P=0.004). h Locomotion (1 h, one-way ANOVA, f350=0.171, P=0.975).i TST (3 h, one-way
ANOVA, F350=10.093, P < 0.001).j FST (1 day, one-way ANOVA, 3 5o = 16353, P < 0.001). k SPT (2 day, one-way ANOVA, F3,0 =4.750, P=0.012). | SPT
(4 day, one-way ANOVA, f3,9 = 5404, P = 0.007). Data are shown as mean + SEM. (n = 6). *P < 0.05, **P < 0.01. ANOVA analysis of variance, FST forced
swimming test, N.S. not significant, R-KT (R)-ketamine, SPT sucrose preference test, TST tail suspension test.

model, an LPS-induced model, and an LH model. Notably,
we detected the antidepressant effects of TGF-p1 in a CSDS
model and an LH model 7 days and 4 days after a single
dose, respectively. Collectively, the antidepressant effects of
TGF-P1 in these models are similar to those of (R)-keta-
mine, suggesting that TGF-P1 has (R)-ketamine-like long-
lasting antidepressant effects. Taylor et al®. showed that a
single i.cv. injection of TGF-Pl 4h after intracerebral
hemorrhage (ICH) produced complete recovery of motor
function at 24 h, and that this recovery persisted for at least
one week. Furthermore, i.c.v. injection of TGF-P1 alleviated
N-methyl-4-phenylpyridinium ion (MPP*)-induced micro-
glial inflammatory response and dopaminergic neuronal
loss in the substantia nigra, indicating that TGF-f1 plays a
role in the pathology of Parkinson’s disease (PD). Collec-
tively, it is possible that TGF-f1 can produce rapid and
long-lasting beneficial effects in several models, such as
depression, ICH, and PD.

Notably, intranasal administration of TGF-$1 has rapid-
acting antidepressant effects in LPS-treated mice. A pre-
vious study showed that intranasal administration of
TGF-B1 ameliorated neurodegeneration in the mouse

brain after B-amyloid; 4, injection“. It has also been
reported that TGF-B1 administered intranasally entered
several brain regions, such as the PFC and the hippo-
campus, of control adult mice, whereas no increase was
observed in the blood and peripheral organs®’, indicating
good permeability of the blood brain barrier for TGF-B1.
It is also reported that CSDS alters blood brain barrier
integrity through loss of tight junction protein Cldn5%* In
addition, TGF-B1 might be free of the psychotomimetic
side-effects of ketamine and its potential for abuse in
humans, as TGF-B1 does not interact with NMDAR in the
brain. Therefore, it is likely that intranasal administration
of TGF-f1 would be a novel potential therapeutic
approach for depression.

This study has some limitations. In this study, we used
the CSFIR inhibitor to delete microglia in the brain
although the partial depletion of microglia was detected.
It is of great interest to investigate the role of microglia in
the antidepressant effects of (R)-ketamine using CSFIR
knockout mice since CSF1R knockout mice are devoid of
microgliasg. Furthermore, it is also of interest to investi-
gate the role of microglial TGF-B1 in the antidepressant
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Fig. 7 Effects of recombinant TGF-1 in LPS model and LH model. a Saline or LPS (0.5 mg/kg) was administered i.p. to mice. Saline or TGF-31 was
administered i.cv. to LPS-treated mice 23 h after LPS injection. Locomotion and FST were performed 1 and 3 h after injection, respectively. b
Locomotion (1 h, one-way ANOVA, F530=0.122, P =0.122). ¢ FST (3 h, one-way ANOVA, F, 30 = 3.124, P = 0.045). Data are shown as mean + SEM. (n
=14). *P < 0.05. d Saline or LPS (0.5 mg/kg) was administered ip. to mice. Saline or TGF-31 was administered intranasally to LPS-treated mice 23 h
after LPS injection. Locomotion and FST were performed 1 and 3 h after injection, respectively. @ Locomotion (1 h, one-way ANOVA, F, 5, = 0.255, P
=0.777). f FST (3 h, one-way ANOVA, F,,7 =5.180, P=0.013). Data are shown as mean + SEM. (n = 10). *P < 0.05, **P < 0.01. g Rats received
inescapable electric stress shock (IES) treatments on 2 days (day 1 and day 2), passed a post-shock test (PS) on day 3 to select learned helplessness
(LH) rats with depression-like phenotype. On day 4, vehicle or TGF-31 was administered i.c.v. into LH rats. On day 8 (4 days after i.cv. injection),
conditioned avoidance (CA) tests to study the antidepressant effect was performed. h The failure number of TGF-31 treated LH rats was significantly
(P=0.0259) lower than that of vehicle treated LH rats. i The escape latency of TGF-31 treated LH rats was significantly (P = 0.0281) lower than that of
vehicle treated LH rats. Data are shown as mean £ SEM. (vehicle: n =5, TGF-31: n = 6). *P < 0.05. FST forced swimming test, N.S. not significant.

effects of (R)-ketamine using TGF-f1 knockout mice
since microglia were absent in the brain of TGF-$1
knockout mice®®.

In conclusion, this study shows that TGF-P1 in the
microglia might contribute to the antidepressant effects of
(R)-ketamine in animal models of depression. Further-
more, similar to (R)-ketamine, TGF-B1 seems to rapid-
acting and long-lasting antidepressant effects. Therefore,
it is likely that TGF-Bf1 would be a new rapid-acting and
sustained antidepressant.
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ABSTRACT

Background: The brain-gut axis plays a role in the pathogenesis of stress-related disorders such as depression.
However, the role of brain—gut axis in the resilience versus susceptibility after stress remains unclear. Here, we
examined the effects of antibiotic-induced microbiome depletion on an anhedonia-like phenotype in adult mice
subjected to chronic social defeat stress (CSDS).

Methods: Using CSDS paradigm, we investigated the effects of antibiotic-induced microbiome depletion on the
resilience versus susceptibility in mice.

Results: Treatment with an antibiotic cocktail for 14 days significantly decreased the diversity and composition
of the microbiota in the host gut. Proteobacteria were markedly increased after treatment with the antibiotic
cocktail. At the genus and species levels, the antibiotic-treated group exhibited marked alterations in the mi-
crobiota compared with a control group. CSDS was shown to significantly improve the abnormal composition of
gut microbiota in the antibiotic-treated group. CSDS did not produce an anhedonia-like phenotype in the an-
tibiotic-treated mice, but did induce an anhedonia-like phenotype in control mice, suggesting that gut bacteria
are essential for the development of CSDS-induced anhedonia. CSDS treatment did not alter the plasma levels of
interleukin-6 or the expression of synaptic proteins, such as PSD-95 and GluAl, in the prefrontal cortex of
antibiotic-treated mice.

Limitations: Specific microbiome were not determined.

Conclusions: These findings suggest that antibiotic-induced microbiome depletion contributed to resilience to
anhedonia in mice subjected to CSDS. Therefore, it is likely that the brain-gut axis plays a role in resilience
versus susceptibility to stress.

1. Introduction

In the past two decades, the gut microbiota has been recognized as a

Zheng et al., 2016) and may affect the antidepressant actions of certain
compounds (Burokas et al., 2017; Ho and Ross, 2017; Huang et al.,
2019a; Lukic et al.,, 2019; Qu et al., 2017; Yang et al.,, 2017b;

fundamental player in host physiology and pathology. The gut micro-
biota is prominently involved in the development and education of the
immune system (Becattini et al., 2016; Cerf-Bensussan and Gaboriau-
Routhiau, 2010; Round and Mazmanian, 2009). The brain-gut axis is a
complex multi-organ bidirectional signaling system involving the gut
microbiota and the brain, and plays a fundamental role in host phy-
siology, homeostasis, development, and metabolism (Cussotto et al.,
2018, 2019; Dinan and Cryan, 2017; Forsythe et al., 2016; Fung et al.,
2017; Kelly et al., 2016; Ma et al., 2019; Molina-Torres et al., 2019;
Zhu et al., 2019). Multiple lines of evidence suggest that an abnormal
composition of microbiota in the host gut may contribute to the pa-
thogenesis of stress-related diseases such as depression (Huang et al.,
2019b; Jiang et al.,, 2015; Wong et al.,, 2016; Yang et al., 2019;

* Corresponding author.
E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).

https://doi.org/10.1016/j.jad.2019.09.064

Zhang et al., 2017). Gut microbiota may also contribute to resilience
versus susceptibility to anhedonia in rodents after repeated stress
(Bailey et al., 2011; Hao et al.,, 2019; Szyszkowicz et al., 2017;
Yang et al., 2017a). We found higher levels of Bifidobacterium in re-
silient mice compared with susceptible mice after chronic social defeat
stress (CSDS), and supplementation with Bifidobacterium produced re-
silience in mice after CSDS, suggesting a role for Bifidobacterium in
stress resilience (Yang et al., 2017a). It has also been reported that
specific clusters of bacterial communities in the cecum may be linked to
vulnerability to CSDS (Szyszkowicz et al., 2017).

Antibiotics are often beneficial, but can also be potentially harmful
drugs. The abuse of antibiotics plays a role in the pathogenesis of
several diseases associated with the impairment of microbiota
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(Champagne-Jorgensen et al., 2019; Ianiro et al., 2016). Instead of
germ-free mice, antibiotic cocktail-induced microbiome depletion has
been used to investigate the role of gut microbiota in some pathological
conditions (Hernandez-Chirlaque et al., 2016; Pu et al, 2019;
Sampson et al., 2016; Zhan et al., 2018; Zhang et al., 2019). For ex-
ample, dextran sulfate sodium (DSS) has been shown to cause colitis in
mice, although mice treated with an antibiotic cocktail did not show
DSS-induced colitis, suggesting that enteric bacteria are essential for the
development of DSS-induced colitis (Hernandez-Chirlaque et al., 2016).
Yang et al. (2019) reported that transplantation of fecal microbiota
from rats with an anhedonia-like phenotype aggravated depression-like
and anhedonia-like phenotypes in mice treated with an antibiotic
cocktail. It appears likely that gut microbiota play a key role in the
pathology of inflammation-related diseases such as colitis and depres-
sion. However, the effects of antibiotic-induced microbiome depletion
on inflammation and anhedonia-like phenotype in rodents subjected to
CSDS are unknown.

Anhedonia (loss of pleasure) is a core symptom of major depressive
disorder. The neurobiological mechanisms of anhedonia remain poorly
understood (Treadway and Zald, 2011). Therefore, we hypothesized
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Fig. 1. Effects of antibiotic cocktail in the di-
versity of gut microbiota.

(A): The schedule of drinking water in anti-
biotic cocktail and feces collection. Drinking
water including antibiotic cocktail or water
was given to adult mice from day 1 to day 14.
On day 15, feces were collected. (B): UniFrac
PCoA of gut bacteria data. (C): Observed spe-
cies index. (D): Shannon index. Data are shown
as mean = S.EM. (n = 10). ***P < 0.001.
NS: not significant.

Fig. 2. Altered composition in the gut bacteria
at the phylum level.

(A): The relative abundances of microbiome at
phylum level in fecal samples of the two
groups after repeated treatment with anti-
biotics for 14 days. (B): Actinobacteria. (C):

Bacteroidetes. (D): Firmicutes. (E):
Proteobacteria. Data are shown as
mean * SEM. (n = 10). *P < 0.05,

**p < 0.01, ***P
nificant.

< 0.001. NS: not sig-

that antibiotic-induced microbiome depletion may affect the resilience
of mice to anhedonia after CSDS. The purpose of this study was,
therefore, to investigate the role of gut microbiota in anhedonia-like
phenotypes in mice after CSDS. First, we examined whether repeated
administration of an antibiotic cocktail for 14 days affected the di-
versity and composition of gut microbiota in mouse feces. Then, we
examined whether antibiotic-induced microbiome depletion could af-
fect the anhedonia-like phenotype, inflammation, and synaptic proteins
in mice after CSDS, since CSDS causes an anhedonia-like phenotype
through inflammation in the periphery (Zhang et al., 2017).

2. Materials and methods
2.1. Animals

Male adult C57BL/6 mice (n = 40), aged 8 weeks with a body
weight of 20-25 g and male adult CD1 (ICR) mice (n = 20), aged 13-15
weeks with a body weight >40 g (Japan SLC, Inc., Hamamatsu, Japan)
were used. Animals were housed under controlled temperatures with
12h light/dark cycles (lights on between 07:00 and 19:00), with ad
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Fig. 3. Altered composition in the gut bacteria at the genus level.

Journal of Affective Disorders 260 (2020) 448-457

(A): The relative abundances of microbiome at genus level in fecal samples of the two groups after repeated treatment with antibiotics for 14 days. (B): Clostridium.
(C): Enterococcus. (D): Escherichia. (E): Intestinimonas. (F): Klebsiella. (G): Lactobacillus. (H): Lactococcus. (I): Parasutterella. (J): Staphylococcus. Data are shown as
mean * S.EM. (n = 10). *P < 0.05, **P < 0.01, ***P < 0.001. NS: not significant.

Fig. 4. Altered composition in the gut bacteria at the species level.

(A): The relative abundances of microbiome at species level in fecal samples of the two groups after repeated treatment with antibiotics for 14 days. (B): Clostridium
fusiformis. (C): Clostridium sp. Culture Jar-56. (D): Enterococcus faecalis. (E): Escherichia coli. (F): Klebsiella pneumoniae. (G): Lactobacillus johnsonii. (H): Lactobacillus

murinus. (I): Staphylococcus lentus. (J): Staphylococcus nepalensis. Data are shown as mean = S.EM. (n = 10). *P < 0.05, **P

significant.

libitum access to food (CE-2; CLEA Japan, Inc., Tokyo, Japan) and
water. The protocol was approved by the Chiba University Institutional
Animal Care and Use Committee (Permission number: 30-399). This
study was carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health, USA. Animals were deeply anesthetized with iso-
flurane before being killed by cervical dislocation. All efforts were
made to minimize suffering. CSDS was performed from 13:00 to 17:00,

< 0.01, ***P < 0.001. NS: not

and one percent sucrose preference tests (SPT) were performed from
17:00 to 18:00.

2.2. Treatment with antibiotic cocktail, CSDS and behavioral tests

Based upon previous reports (Pu et al., 2019; Yang et al., 2019;
Zhan et al., 2018; Zhang et al., 2019b), broad-spectrum antibiotics
(ampicillin 1 g/L, neomycin sulfate 1g/L, and metronidazole 1g/L,
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Fig. 5. Effects of antibiotics in the anhedonia-like phenotype in mice after CSDS.

(A): The schedule of antibiotics treatment, CSDS model, sucrose preference test and feces collection. Antibiotic cocktail or water in drinking water was given to mice
for 14 days. Subsequently, CSDS was performed for 10 days from day 14 to day 24, and 1% sucrose preference test (SPT) was performed on day 25. On day 25, fresh
feces were collected. On day 26, plasma and PFC were collected. (B): Body weight (repeated two-way ANOVA, antibiotics: F; 36 = 52.436, P < 0.001, CSDS:
F136 = 1.267, P = 0.268, interaction: F; 3¢ = 0.21, P = 0.885). (C): Observed species index (two-way ANOVA, antibiotics: F; 35 = 41.206, P < 0.001, CSDS:
Fy.36 =8.378, P = 0.006, interaction: F; 35 = 28.863, P < 0.001). (D): Chao 1 index (two-way ANOVA, antibiotics: F; 35 = 18.192, P < 0.001, CSDS: F; 55 = 4302,
P = 0.045, interaction: F; 36 =183,528, P < 0.001). (E): Shannon index (two-way ANOVA, antibiotics: F; 35 = 8.111, P =0.007, CSDS: F; 35 = 0.448, P = 0.508,

interaction: Fy 36 = 9.493, P = 0.004). (F): PCoA analysis of gut bacteria data. (G) Sucrose preference test (two-way ANOVA, antibiotics: F; 36 = 0.357, P = 0.554,

CSDS: Fy36 = 1.157, P = 0.289, interaction: F; 3¢ = 14.108, P
Fi36 = 16.133, P < 0.001, interaction: F; 3¢

= 0.001). (H): Plasma IL-6 (two-way ANOVA, antibiotics: F; 36 =5.072, P = 0.031, CSDS:
= 4.322, P = 0.045). (I): PSD 95 (two-way ANOVA, antibiotics: F; 356 =6.613, P =0.014, CSDS: F; 36 = 0.114,

P = 0.737, interaction: F; 36 = 12.465, P = 0.001). (J): GluAl (two-way ANOVA, antibiotics: F; 36 =10.163, P = 0.003, CSDS: F; 3¢ =0.604, P =0.442, interaction:
Fi136 = 10.267, P = 0.003). Data are shown as mean + S.E.M. (n = 10). *P < 0.05, **P < 0.01, ***P < 0.001. NS: not significant.

Sigma-Aldrich Co. Ltd, MO, USA) dissolved in drinking water were
provided ad libitum to male C57BL/6 mice for 14 consecutive days, as
reported previously (Pu et al., 2019; Yang et al., 2019; Zhan et al.,
2018; Zhang et al., 2019b). The drinking solution was renewed every 2
days. Fresh fecal samples were collected on day 15 before CSDS. We
collected fresh fecal samples from each mouse at around 10:00 in order
to avoid circadian effects on the microbiome. We also collected fecal
samples when each mouse was placed in a new, clean cage. The fecal
samples were put into a sterilized screw cap microtube immediately
after defecation, and these samples were stored at —80 °C until use.

Mice were divided into four groups: water + no CSDS;
water + CSDS; antibiotics + no CSDS; and antibiotics + CSDS. The
CSDS procedure was performed as previously reported (Golden et al.,
2011; Qu et al., 2017; Yang et al., 2016, 2017b, 2015; Zhang et al.,
2015, 2017). The C57BL/6 mice were exposed to a different CD1 ag-
gressor mouse for 10 min per day for 10 consecutive days (day 15 to
day 24). When the social defeat session ended, the resident CD1 mouse
and the intruder mouse were housed in opposite sides of the cage, se-
parated by a perforated Plexiglas divider to allow visual, olfactory, and
auditory contact for the remainder of the 24-h period. At 24 h after the
last session, all mice were housed individually. Control C57BL/6 mice
without exposure to CSDS were housed in the cage before the beha-
vioral tests.

On day 25, 1% SPTs were performed from 17:00 to 18:00, to
identify anhedonia-like phenotypes. Mice were exposed to water and
1% sucrose solution for 48h, followed by 4h of water and food de-
privation and a 1-h exposure to two identical bottles containing either
water or a 1% sucrose solution. The bottles containing water and

sucrose were weighed before and at the end of this period. The sucrose
preference was calculated as the ratio of sucrose solution consumption
to total liquid consumption.

On day 25 (before SPT), fresh fecal samples were collected as de-
scribed above, and stored at —80 °C until use. On day 26, plasma and
brain samples from the prefrontal cortex (PFC) were collected after
anesthesia with 5% isoflurane. Tissues from the PFC were dissected
from the brains on ice using a Leica microscope S9E (Leica
Microsystems, Tokyo, Japan). We selected the PFC because the ex-
pression of synaptic proteins such as PSD-95 and GluAl was sig-
nificantly reduced in the PFC of CSDS-susceptible mice (Yang et al.,
2016, 2015; Zhang et al., 2015). Plasma and PFC were stored at —80 °C
until use.

2.3. ELISA measurement of pro-inflammatory cytokine IL-6

Plasma levels of interleukin-6 (IL-6) were measured, because we
previously found an increase in blood IL-6 in the CSDS model
(Zhang et al., 2017). The plasma IL-6 levels were measured using the
ELISA kit (Invitrogen, cat#: 88-7064-22) according to the manufac-
turer's instructions.

2.4. Western blot analysis

The PFC tissues were homogenized in Laemmli lysis buffer. The
protein levels of 10 pg aliquots were measured using DC protein assay
kits (Bio-Rad, Hercules, CA, USA) and incubated for 5 min at 95 °C, with
an equal volume of 125mM Tris/HCI (pH 6.8), 20% glycerol, 0.1%
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bromophenol blue, 10% B-mercaptoethanol, and 4% sodium dodecyl
sulfate, and subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis using 10% mini-gels (Mini-PROTEAN TGX™ Precast
Gel; Bio-Rad). Proteins were transferred onto polyvinylidene difluoride
membranes using a Trans Blot Mini Cell (Bio-Rad). For immunodetec-
tion, the blots were blocked with 2% bovine serum albumin in TBST
(TBS + 0.1% Tween-20) for 1h at room temperature and incubated
with primary antibodies overnight at 4 °C. The primary antibody used
was postsynaptic density protein 95 (PSD-95; 1 pug/ml Invitrogen,
Carlsbad, CA, USA). The next day, blots were washed thrice in TBST
and incubated with horseradish peroxidase conjugated anti-rabbit an-
tibody (1:5000) for 1h at room temperature. After three final washes
with TBST, bands were detected using enhanced chemiluminescence
plus the Western Blotting Detection system (GE Healthcare Bioscience).
The blots then were incubated in stripping buffer (2% sodium dodecyl
sulfate, 100 mM f3-mercaptoethanol, and 62.5 mM Tris-HCl, pH 6.8) for
30 min at 60 °C and then washed thrice with TBST. The stripped blots
were kept in blocking solution for 1h and incubated with a primary
antibody  directed against a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptor (AMPAR) 1 (GluAl; 1 pg/ml Abcam,
Cambridge, MA) and p-actin. Images were captured with a Fuji
LAS3000-mini imaging system (Fuyjifilm, Tokyo, Japan), and im-
munoreactive bands were quantified.

2.5. 16S rRNA analysis

DNA extraction from mouse feces and 16S rRNA analysis of fecal
samples were performed by MyMetagenome Co, Ltd. (Tokyo, Japan).
The analysis of 16S rRNA from fecal samples was performed as pre-
viously described (Kim et al., 2013). Briefly, PCR was performed using
27Fmod 5-AGRGTTTGATYMTGGCTCAG-3’ and 338R 5-TGCTGCCTC
CCGTAGGAGT-3’ to amplify the V1-V2 region of the bacterial 16S
rRNA gene. The amplified DNA (~ 330 bp) was purified using AMPure
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Fig. 6. Altered composition in the gut bacteria
at the phylum level.

(A): The relative abundances of phylum in
fecal samples of the four groups 24 hrs after
CSDS. (B): Actinobacteria (two-way ANOVA,
antibiotics: F; 36 = 6.560, P = 0.015, CSDS:
Fi36 = 2335, P = 0.135, interaction:
Fi36 = 9.740, P = 0.004). (C): Proteobacteria
(two-way ANOVA, antibiotics: F; 36 = 7.943,
P =0.008, CSDS: F; 36 =6.646, P = 0.014, in-
teraction: F; 36 = 7.555, P = 0.009). Data are
shown as mean + S.E.M. (n = 10). *P < 0.05,
**p < 0.01, ***P< 0.001. NS: not significant.

XP (Beckman Coulter), and quantified using a Quant-iT Picogreen
dsDNA assay kit (Invitrogen) and a TBS-380 Mini-Fluorometer (Turner
Biosystems). The 16S amplicons were then sequenced using MiSeq ac-
cording to the Illumina protocol. The paired-end reads were merged
using the fastg-join program based on overlapping sequences. Reads
with an average quality value of <25 and inexact matches to both
universal primers were filtered out. Filter-passed reads were used for
further analysis after trimming off both primer sequences. For each
sample, 3000 high-quality filter-passed reads were rearranged in des-
cending order according to the quality value and then clustered into
operational taxonomic units (OTUs) with a 97% pairwise-identity
cutoff, using the UCLUST program version 5.2.32 (https://www.drive5.
com). Taxonomic assignment of OTUs was made by similarity searches
against the Ribosomal Database Project and the National Center for
Biotechnology Information genome database using the GLSEARCH
program (Tanoue et al., 2019).

2.6. Statistical analysis

The data are shown as the mean =+ standard error of the mean
(S.E.M.). Analysis was carried out using PASW Statistics 20 (now SPSS
statistics; SPSS, Tokyo, Japan). Comparisons between groups were
performed using Student t-tests and two-way analysis of variance
(ANOVA), followed by post hoc Tukey test. The data of body weight
were analyzed using repeated two-way ANOVA, followed by post hoc
Tukey test. P values of less than 0.05 were considered to be statistically
significant.
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Fig. 7. Altered composition in the gut bacteria at the genus level.

(A): The relative abundances of genus in fecal samples of the four groups 24 days after drink antibiotics and CSDS. (B): Alistipes (two-way ANOVA, antibiotics:
Fi36 = 3.922, P = 0.055, CSDS: F; 35 = 15.438, P < 0.001, interaction: F; 35 = 0.357, P = 0.554). (C): Bacteroides (two-way ANOVA, antibiotics: F; 36 =5.959,
P = 0.020, CSDS: F; 36 = 5.567, P = 0.024, interaction: F; 35 = 11.801, P = 0.002). (D): Candidatus Arthromitus (two-way ANOVA, antibiotics: F; 36 =24.682,
P < 0.001, CSDS: F; 36 = 1.054, P = 0.311, interaction: F; 35 = 8.885, P = 0.005). (E): Enterococcus (two-way ANOVA, antibiotics: F; 36 =5.457, P = 0.025, CSDS:
Fi1,36 = 5.321, P =0.027, interaction: F; 35 = 5.321, P = 0.027). (F): Enterorhabdus (two-way ANOVA, antibiotics: F; 36 =7.308, P =0.010, CSDS: F; 36 = 0.097,
P =0.757, interaction: F; 36 = 8.476, P = 0.006). (G): Lactobacillus (two-way ANOVA, antibiotics: F; 35 =8.701, P = 0.006, CSDS: F; 35 = 22.717, P <0.001,
interaction: F; 35 = 3.312, P = 0.077). (H): Parabacteroides (two-way ANOVA, antibiotics: F; 356 =13.509, P =0.001, CSDS: F; 35 = 0.926, P = 0.342, interaction:
Fi36 = 2.323, P = 0.136). (I): Parasutterella (two-way ANOVA, antibiotics: F; 36 =8.645, P =0.006, CSDS: F; 36 = 8.092, P =0.007, interaction: F; 36 = 7.889,
P =0.008). (J): Staphylococcus (two-way ANOVA, antibiotics: F 36 =2.948, P =0.095, CSDS: F; 35 = 8.794, P =0.005, interaction: F; 36 = 2.276, P = 0.140). Data

are shown as mean = S.EM. (n = 10). *P< 0.05, **P < 0.01, ***P < 0.001. NS: not significant.

3. Results

3.1. Treatment with antibiotics caused significant differences in the diversity
of gut microbiota

An antibiotic cocktail or water was given to mice for 14 days
(Fig. 1A). Un-weighted UniFrac-based principal coordinate analysis
(PCoA), based on the relative abundance of taxa in the gut microbiota
of mice showed a significant difference between the two groups
(Fig. 1B). There was a significant decrease in the observed species index
in the antibiotic-treated group compared with the water-treated group
(Fig. 1C). Shannon indices are commonly used to evaluate the a-di-
versity of gut microbiota. There was a significant decrease in the
Shannon index of the antibiotic-treated group compared with that of
the water-treated group (Fig. 1D).

3.2. Altered composition in gut bacteria at the phylum level

Analysis of 16S rRNA was used to identify differences in the com-
position of gut microbiota between the antibiotic-treated mice and the
water-treated mice. The phylum level composition of gut bacterium was
identified (Fig. 2A). Bacteroidetes and Firmicutes were the most abun-
dant phyla in the water-treated group (Fig. 2A). At the phylum level,
Actinobacteria, Bacteroidetes, and Firmicutes were present at significantly
lower levels in the antibiotic-treated group than in the water-treated
group (Fig. 2B-D). In contrast, Proteobacteria levels were markedly in-
creased after treatment with the antibiotic cocktail (Fig. 2E).

3.3. Altered composition in gut bacteria at the genus level

The genus levels of gut bacteria were investigated (Fig. 3A). Five

genera of bacteria (Clostridium, Intestinimonas, Lactobacillus, Lacto-
coccus, and Staphylococcus) were present at significantly lower levels in
the antibiotic-treated group compared with the water-treated group
(Figs. 3B, E, G, H, J). In contrast, four bacteria (Enterococcus, Escher-
ichia, Klebsiella, and Parasutterella) were present at significantly higher
levels in the antibiotic-treated group than those in the water-treated
group (Figs. 3B, D, F, I).

3.4. Altered composition of gut bacteria at the species level

The genus levels of gut bacterium were identified (Fig. 4A). Three
bacteria (Enterococcus faecalis, Escherichia coli, and Klebsiella pneumo-
niae) were present at significantly higher levels in the antibiotic-treated
group than those in the water-treated group (Figs. 4D, E, F). In contrast,
six bacteria (Clostridium fusiformis, Clostridium sp. Culture Ja-56, Lacto-
bacillus johnsonii, Lactobacillus murinus, Staphylococcus lentus, and Sta-
phylococcus nepaiensis) was present at significantly lower levels in the
antibiotic-treated group than those in the water-treated group (Figs. 4B,
C,GHILD.

3.5. An antibiotic cocktail produced resilience in mice after csds

An antibiotic cocktail or water was provided as drinking water for
14 days, then CSDS was performed for 10 days (D15-D24) (Fig. 5A).
The time course of the body weight of the mice was recorded (Fig. 5B).
Treatment with an antibiotic cocktail significantly decreased body
weight in the mice. CSDS did not alter body weight in the mice
(Fig. 5B). There were significant differences in the a-diversity of mi-
crobiota among the four groups. CSDS significantly improved the re-
duced diversity of microbiota in the antibiotic-treated group (Figs. 5C,
D, E). Un-weighed UniFrac-based PCoA showed significant differences
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Fig. 8. Altered composition in the gut bacteria at the species level.
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(A): The relative abundances of species in fecal samples of the four groups 24 days after drink antibiotics and CSDS. (B): Bacteroides acidifaciens (two-way ANOVA,
antibiotics: F; 36 =5.757, P =0.022, CSDS: F; 36 = 6.434, P =0.016, interaction: F; 35 = 12.957, P = 0.001). (C): Candidatus Arthromitus sp. SFB-mouse (two-way
ANOVA, antibiotics: F; 36 =24.529, P < 0.001, CSDS: F; 36 = 1.104, P = 0.300, interaction: F; 35 = 8.910, P =0.005). (D): Enterococcus saccharolyticus (two-way
ANOVA, antibiotics: Fy 36 =5.597, P =0.023, CSDS: F; 36 = 5.323, P =0.027, interaction: F; 36 = 5.323, P =0.027). (E): Lactobacillus murinus (two-way ANOVA,
antibiotics: F; 36 =8.450, P = 0.006, CSDS: F; 36 = 6.335, P = 0.016, interaction: F; 36 = 2.860, P = 0.099). (F): Parabacteroides goldsteinii (two-way ANOVA,
antibiotics: F; 36 = 6.997, P = 0.012, CSDS: F; 35 = 6.422, P = 0.016, interaction: F; 35 = 6.478, P = 0.015). (G): Staphylococcus aureus (two-way ANOVA,
antibiotics: F; 36 = 2.215, P = 0.145, CSDS: F; 36 = 9.503, P = 0.004, interaction: F; 36 = 2.215, P = 0.145). Data are shown as mean = S.E.M. (n = 10). *P <

0.05, **P < 0.01, ***P < 0.001. NS: not significant.

Fig. 9. Proposed scheme of brain-gut axis in resilience and susceptibility after
repeated stress.

Treatment of an antibiotic cocktail for 14 days caused microbial dysbiosis in
mice by microbiome depletion. Subsequently, chronic social defeat stress was
performed 10 days. Water-treated control mice showed the susceptibility after
CSDS. In contrast, antibiotic cocktail treated mice showed the resilience after
CSDS. Brain-gut axis may play a role in the susceptibility versus resilience in
mice after CSDS.

among the four groups (Fig. 5F).

In SPT, CSDS caused significant reduction in sucrose preference in
the water-treated group, but not in the antibiotic-treated group
(Fig. 5G). There was no significant difference between the antibiotic-
treated non-CSDS group and the water-treated non-CSDS group
(Fig. 5G). CSDS treatment significantly increased plasma levels of IL-6
in the water-treated group, whereas CSDS treatment did not alter
plasma IL-6 levels in the antibiotic-treated group (Fig. 5H). CSDS sig-
nificantly decreased the expression of PSD-95 and GluAl in the PFC of

water-treated group, but not in the antibiotic-treated group (Figs. 51, J).

Overall, the antibiotic-treated group appeared to be protected
against the CSDS-induced anhedonia-like phenotype, inflammation,
and decreased synaptogenesis in the PFC.

3.6. Effects of CSDS on altered composition in the gut bacteria

The effects of CSDS on the composition of the microbiome of anti-
biotic-treated mice were investigated. The phyla of gut bacteria were
identified (Fig. 6A). At the phylum level, the antibiotic-treated group
showed significant reduction in Actinobacteria compared with the
water-treated group (Fig. 6B). CSDS significantly decreased Actino-
bacteria in the water-treated group, but not in the antibiotic-treated
group (Fig. 6B). The antibiotic-treated group showed significantly
higher levels of Proteobacteria compared with the water-treated group
(Fig. 6C). CSDS also significantly decreased the levels of Proteobacteria
in the antibiotic-treated group, but not in the water-treated group
(Fig. 6C).

The genus levels of gut bacterium were also identified (Fig. 7A).
CSDS significantly altered the levels of six genera (Alistipes, Bacteroides,
Candidatus Arthromitus, Enterococcus, Lactobacillus, and Parasutterella) in
the antibiotic-treated group, but not in the water-treated group
(Figs. 7B-I). In contrast, CSDS significantly increased levels of Staphy-
lococcus in the water-treated group, but not in the antibiotic-treated
group (Fig. 7J).

The species of gut bacterium were identified (Fig. 8A). CSDS sig-
nificantly altered the levels of five microbes (Bacteroides acidifaciens,
Candidatus Arthomitus sp. SFB-mouse, Enterococcus saccharolyticus, Lac-
tobacillus murinus, and Parabacteteroides goldsteinil) in the antibiotic-
treated group, but not in the water-treated group (Figs. 8B-F). In con-
trast, CSDS significantly increased levels of Staphylococcus aureus in the
water-treated group, but not in the antibiotic-treated group (Fig. 8G).
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4. Discussion

The major findings of this study are as follows. Treatment with an
antibiotic cocktail in drinking water for 14 days caused marked re-
duction in the a-diversity of microbiota in the host gut compared with
the water-treated group. At the phylum level, the antibiotic-treated
group showed a marked increase in Proteobacteria in the host gut,
whereas the levels of three bacteria (Actinobacteria, Bacteroidetes, and
Firmicutes) were decreased after treatment with the antibiotic cocktail.
At the genus and species levels, the antibiotic-treated group showed
marked alterations in several bacteria. Overall, treatment with an an-
tibiotic cocktail for 14 days caused significant changes in the diversity
and composition of microbiota in the host gut, consistent with previous
reports (Hernandez-Chirlaque et al., 2016; Sampson et al., 2016;
Zarrinpar et al., 2018; Zhan et al., 2018; Zhang et al., 2019a).

We performed CSDS for 10 days after treatment with an antibiotic
cocktail for 14 days. The UniFrac-based PCoA showed significant dif-
ferences among the four groups. CSDS significantly improved the ab-
normal diversity of microbiota in the antibiotic-treated group. In par-
ticular, CSDS significantly decreased levels of bacteria from the phylum
Proteobacteria, genus Bacteroides, genus Enterococcus, genus
Parasutterella, species Bacteroides acidifaciens, species Enterococcus sac-
charolyticus, and species Parabacteteroides goldsteinil in the antibiotic-
treated mice. A study reported that supplementation with rhubarb ex-
tract changed the microbial ecosystem in favor of Parabacteteroides
goldsteinil (Neyrinck et al., 2017). It seems that Parabacteteroides gold-
steinil may contribute to resilience to stress although a further study is
needed.

In contrast, CSDS significantly increased the levels of genus Alistipes,
genus Candidatus Arthromitus, genus Lactobacillus, species Candidatus
Arthromitus sp. SFB-mouse, species Lactobacillus murinus. A recent study
showed that CSDS-induced depression-like phenotypes were correlated
with Candidatus Arthromitus sp. SFB-mouse (Tian et al., 2019). The
mechanisms underlying CSDS-induced recovery of the composition of
the microbiota in the host gut of antibiotic-treated mice are currently
unknown. Previously, Bailey et al. (2011) reported that the exposure to
a social stressor called social disruption failed to increase blood IL-6 in
antibiotic-treated mice, although the same stress caused increases in
levels of IL-6 in the blood of control mice, suggesting that the micro-
biota are necessary for stress-induced increases in circulating cytokines.
Furthermore, the restraint stress was able to disrupt both the mucosa-
associated and luminally-associated colonic microbiota by causing
changes in the relative abundances of multiple groups of bacteria,
suggesting that stress can have distinct effects upon the colonic mi-
crobiota of the mucosal epithelium as compared with the luminal-as-
sociated microbiota (Galley et al., 2014). Given the role of immune
system in resilience (Cathomas et al., 2019; Dantzer et al., 2008), it is
likely that modulation of the bidirectional relationship between resi-
lience and immunity by the gut microbiota plays a role in the recovery
from CSDS. In addition, we reported the role of the brain—gut axis in the
resilience versus susceptibility in rats exposed to inescapable electric
stress (Zhang et al., 2019b). Further detailed study on the relationship
between resilience and immunity via the brain—gut axis is needed.

In this study, we found marked increases in organisms from the
phylum Proteobacteria after antibiotic treatment, whereas levels of
bacteria from two major phyla (Bacteroidetes and Firmicutes) were de-
creased after antibiotic treatment (Fig. 2). Previous studies
(Antonopoulos et al., 2009; Young and Schmidt, 2004; Zarrinpar et al.,
2018) have shown that the microbiome of antibiotic-treated mice had a
compositional shift to Proteobacteria from the major microbiota (Bac-
teroidetes, Firmicutes), consistent with our current data. Although Pro-
teobacteria are natural inhabitants of the intestine, they normally
comprise a minority of the healthy homeostatic microbiota. It has been
suggested that an increased prevalence of Proteobacteria in the micro-
bial community can serve as a potential diagnostic signature of dys-
biosis and risk of disease (Kim et al., 2017; Shin et al., 2015). It is also
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well known that treatment with a broad antibiotic cocktail causes a
dramatic loss in diversity, as well as in representation of specific taxa,
insurgence of antibiotic resistant strains, and up-regulation of antibiotic
resistance genes (Becattini et al., 2016; Jernberg et al., 2007). In this
study, we found an increase in the relative abundance of Proteobacteria
in the antibiotic-treated group compared with the water-only group.
However, the precise mechanisms underlying the increase in the re-
lative abundance of Proteobacteria after treatment of antibiotic cocktail
is currently unknown. The proportions of several genera and species
were altered after repeated treatment with the antibiotic cocktail. Thus,
antibiotic-induced microbiome depletion could be useful to study the
role of the gut microbiota in pathological conditions.

We also found that CSDS decreased the sucrose preference of SPT in
the water-treated group, although CSDS did not decrease the sucrose
preference of SPT in the antibiotic-treated group. CSDS also sig-
nificantly increased the plasma levels of IL-6 in the water-treated group,
but not in the antibiotic-treated group, suggesting anti-inflammatory
effects in antibiotic-treated mice. It has been reported that CSDS re-
silient mice had lower blood levels of IL-6 than susceptible mice in
response to acute stress (Hodes et al., 2014). CSDS significantly de-
creased the expression of the synaptic proteins PSD-95 and GluAl in the
PFC from the water-treated group, but not the antibiotic-treated group.
These findings suggest that antibiotic-induced microbiome depletion
may contribute to stress resilience in mice after CSDS via the brain—
gut-microbiome axis. It has also been reported that treatment with DSS
caused colitis in control mice, although antibiotic-induced microbiome
depletion did not produce DSS-induced colitis in the mice, suggesting
that enteric bacteria are essential for the development of DSS-induced
colitis (Hernandez-Chirlaque et al., 2016). These data suggest that mi-
crobiome reduction by antibiotic cocktail treatment may play a role in
the development of susceptibility in mice after CSDS, although the
specific microbes were not identified in this study. It is also possible
that a complex interaction of these manipulations—the antibiotic
cocktail treatment and CSDS—may contribute to the current data.
Further detailed study is needed to confirm the relationship between
stress resilience and the microbiome.

The crosstalk between brain and gut is predominately influenced by
the gut bacteria (Kelly et al., 2016). Imbalance of gut microbiota is well
established as causing abnormal brain—gut axes in several neurological
and psychiatric diseases (Fung et al., 2017; Kelly et al., 2016). Accu-
mulating evidence suggests that an abnormal composition of gut mi-
crobiota may contribute to resilience versus susceptibility in rodents
after repeated stress (Bailey et al, 2011; Hao et al, 2019;
Szyszkowicz et al., 2017; Yang et al., 2017a)(Fig. 9). It is likely that an
altered composition of gut microbiota may play a role in stress-induced
disorders. In contrast, it is reported that antibiotic cocktail treatment
for 14 days caused depression-like phenotype in mice, and subsequent
administration of Lactobacillus casei DG for 7 days countered most of
these gut inflammatory, behavioral and functional alterations
(Guida et al., 2018). Therefore, further detailed study on relationship
between antibiotic-induced microbiome depletion and behavioral ab-
normalities are needed.

This study has some limitations. In this study, we did not identify
the specific microbiota, which plays a role in resilience after CSDS. We
do not know whether the microbiome in the fecal samples reflects the
microbiome in the gut. Additionally, we did not produce conclusive
evidence that the improvement in the density of the microbiota is
mainly due to CSDS. The control mice that did not receive CSDS were
not exposed to a non-aggressive resident CD1 mouse. It is possible that
exposure to an aggressive CD1 mouse may be the cause of the im-
provement in the abnormal composition of microbiota in the antibiotic-
treated mice, although further study is needed. Furthermore, we did not
measure short-chain fatty acids (SCFAs) in the fecal samples although
the microbiome can produce SCFAs which play a role in the several
pathological conditions (Sudo, 2019; Tan et al., 2014; Zaiss et al.,
2019). Finally, treatment with the antibiotic cocktail significantly
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decreased the body weight, which may affect the susceptibility and
reaction to CSDS. Further detailed study is needed to resolve the above
limitations.

In conclusion, the present study suggests that antibiotic-induced
microbiome depletion may contribute to resilience versus susceptibility
in mice subjected to CSDS, and that CSDS may improve the diversity
and composition of gut microbiota in mice treated with an antibiotic
cocktail. It is likely that the brain—gut axis plays a role in susceptibility
to stress-related disorders.
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ARTICLE INFO ABSTRACT

Keywords: The robust antidepressant effects of (R,S)-ketamine are among the most important discoveries in mood research
Antidepressant over the last half century. Off-label use of (R,S)-ketamine, which is an equal mixture of (R)-ketamine and (S)-
Arketamine ketamine, has become especially popular in the United States (US) for treatment-resistant depression. On March
Enantiomer 5, 2019, the US Food and Drug Administration approved an (S)-ketamine nasal spray for use in treatment-
ii:ﬁx;“e resistant depression, though its use has been limited to certified medical offices or clinics. On December 19,

2019, (S)-ketamine nasal spray was approved for the same indication in Europe. However, despite its potential
for benefit, there are several concerns about the efficacy of (S)-ketamine nasal spray. Accumulating evidence
from preclinical studies show that (R)-ketamine has greater potency and longer lasting antidepressant effects
than (S)-ketamine in animal models of depression, and that (R)-ketamine has fewer detrimental side effects than
either (R,S)-ketamine or (S)-ketamine. As such, clinical studies of (R)-ketamine in humans are now underway by
Perception Neuroscience Ltd. In this article, we review the brief history of (R,S)-ketamine and its two en-

antiomers as novel antidepressants. We also discuss the mechanisms of ketamine's antidepressant actions.

1. Introduction

More than 300 million people of all ages suffer from depression,
which is a major contributor to the overall global burden of disease
(WHO, 2017). Approximately one-third of depressed patients have a
treatment-resistant form of depression after trialing typical anti-
depressants such as selective serotonin reuptake inhibitors (SSRIs) and
serotonin and norepinephrine reuptake inhibitors (SNRIs). Moreover,
these antidepressants have proven ineffective in the treatment of sui-
cide ideation in patients with severe depression. Novel therapeutic
agents are therefore required to meet these unmet needs. In recent
decades, (R,S)-ketamine (Fig. 1) has come to the attention of neu-
roscientists and psychiatrists worldwide because it produces robust
antidepressant effects in patients with treatment-resistant depression
(Duman, 2018; Gould et al., 2019; Hashimoto, 2016a; Hashimoto,
2016b; Hashimoto, 2017; Hashimoto, 2019a; Krystal et al., 2019;
Murrough et al., 2017; Witkin et al., 2018; Zhang and Hashimoto,
2019b).

In this article, we offer a review of the brief history of (R,S)-keta-
mine and its two enantiomers as novel antidepressants. Furthermore,
we discuss the mechanisms of action for ketamine's antidepressant ef-
fects.

* Corresponding author.
E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).

https://doi.org/10.1016/j.pbb.2020.172870

2. Brief history of ketamine

The discovery of ketamine's antidepressant effects is among the
most important discoveries of the last half century. Not originally de-
veloped as an antidepressant, it took a long and fascinating journey for
clinicians and researchers to discover its rapid-acting antidepressant
effects (Fig. 2). The history of ketamine can be traced back to 1956
when phencyclidine (PCP) was first synthesized as a general anesthetic
by the pharmaceutical company Parke-Davis (Maddox et al., 1965). It
had an inhibitory constant (Ki) of 0.06 uM at the N-methyl-p-aspartate
receptor (NMDAR) (Fig. 1) (Domino and Luby, 2012; Mion, 2017).
However, subsequent studies in humans revealed that PCP could cause
a high rate of side effects, including hallucinations, postoperative de-
lirium, and confusion (Bush, 2013; Domino and Luby, 2012; Hoiseth
et al., 2005), resulting in its medical use in humans being terminated in
1965 (Morris and Wallach, 2014).

In efforts to identify an alternative to PCP without the serious
psychotomimetic side effects, but that retained the excellent anesthetic
effects (Mion, 2017), the original form of ketamine (CI-581) was syn-
thesized as short half-life derivative of PCP by Parke-Davis (Fig. 2)
(Domino, 2010). In 1964, Dr., Edward Domino and Dr. Guenter Corssen
performed the first study of the anesthetic effects of CI-581 in healthy
prisoners (Domino, 2010). Shortly thereafter, in 1965, ketamine was
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Fig. 1. Chemical structure of phencyclidine (PCP), (R,S)-ketamine and its enantiomers.

Ki values for NMDAR are presented in parenthesis (Ebert et al., 1997).

Fig. 2. Brief history of (R,S)-ketamine and two enantiomers from anesthetic to antidepressant.

confirmed to be an effective analgesic and anesthetic (Domino et al.,
1965). In the first clinical study of ketamine among 130 patients who
underwent surgical procedures it was reported to induce a unique state
of altered consciousness, described as being disconnected (Corssen and
Domino, 1966). Ketamine was later approved in 1970 for anesthetic use
by the US Food Drug Administration (FDA) (Fig. 2) (Dong et al., 2015;
Mion, 2017; Stevenson, 2005). However, due to its euphoric effects,
ketamine became a popular recreational drug in the US and Europe in
subsequent decades (Lankenau, 2016; Wolff, 2016). Ketamine remains
a commonly abused illicit drug worldwide (Y. Liu et al., 2016).

Contemporaneous reports since the 1970s have shown that keta-
mine hydrochloride (Ketalar®) received much attention, with re-
searchers exploring its pharmacokinetics and mechanism of anesthetic
and analgesic action for therapeutic purposes (Li and Vlisides, 2016;
Lodge and Mercier, 2015; Tyler et al., 2017). As part of this history, it is
worth noting that ketamine was shown to be an NMDAR antagonist in
1983 (Fig. 2) (Anis et al., 1983). Given ketamine's unique properties in
pain relief and sedation (Gao et al., 2016), ketamine was added to the
WHOs essential medicines list as an intravenous anesthetic in 1985
(Fig. 2) (Gowda et al., 2016; WHO, 2011). Although it has now been
used for more than 50 years, not only as an anesthetic and analgesic
agent but also as a drug of abuse, its use remains limited due to its
undesirable psychotomimetic effects.

3. Antidepressant-like effects of (R,S)-ketamine and NMDAR
antagonists in rodents

In 1975, (R,S)-ketamine was reported to show antidepressant-like
effects in animal models. For example, it was associated with the re-
versal of tetrabenazine-induced ptosis in mice, reversal of reserpine-
induced hypothermia in rats, enhancement of yohimbine toxicity in
mice, and inhibition of oxotremorine-induced tremors in mice (Sofia
and Harakal, 1975). In these models, however, the antidepressant-like
activity of ketamine was substantially less than that of imipramine
(Sofia and Harakal, 1975).

As already mentioned, ketamine was identified to be an NMDAR
antagonist in 1983 (Fig. 2) (Anis et al., 1983). In 1990 it was reported
that NMDAR antagonists like AP-7 and (+)-MK-801 had

antidepressant-like effects in rodents (Trullas and Skolnick, 1990). In a
chronic mild stress model, (+)-MK-801 showed anti-anhedonia-like
effects in rats (Papp and Moryl, 1993). Several animal studies soon
documented that NMDAR antagonists, such as MK-801, CGP 37849,
and eliprodil, may have the antidepressant-like effects in animal model
of depression (Autry et al., 2011; Layer et al., 1995; Maj et al., 1992;
Meloni et al., 1993; Papp and Moryl, 1994; Petrie et al., 2000; Skolnick
et al., 1996; Wedzony et al., 1995; B. Yang et al., 2016). Importantly,
(+)-MK-801 did not show ketamine-like long-lasting antidepressant
effects in susceptible mice after chronic social defeat stress (CSDS), but
it did produce rapid-acting antidepressant effects in CSDS-susceptible
mice (B. Yang et al., 2016). Thus, available evidence indicated that
NMDAR antagonists could alleviate depression-like behaviors in ro-
dents, which led to several pharmaceutical companies developing
NMDAR antagonists as novel antidepressants (Hashimoto, 2019a).

In a shock-induced depression model, Chaturvedi et al. (1999) re-
ported that the antidepressant effects of (R,S)-ketamine at the dose of 5
and 10 mg/kg respectively significantly increased ambulation and
rearing in the open field test and attenuated the increased immobility
time in forced swimming test. In a rat learned helplessness (LH) model,
Koike et al. (2011) reported that (R,S)-ketamine (10 mg/kg) exerted
rapid antidepressant-like effects that were sustained for at least 72 h
after a single dose. In a model of chronic unpredictable mild stress
(CUMS), a single dose of (R,S)-ketamine (10 mg/kg) elicited rapid-onset
persistent antidepressant effects in rodents (W.X. Liu et al., 2016; Ma
et al., 2013; Sun et al., 2016). Comparable to tropomyosin receptor
kinase B (TrkB) agonists and antagonists (7,8-dihydroxyflavone and
ANA-12, respectively), it was reported that (R,S)-ketamine showed
rapid-acting and longer lasting antidepressant effects in CSDS-suscep-
tible mice (Zhang et al., 2015). It also showed antidepressant-like ef-
fects of (R,S)-ketamine in inflammation-induced depression models
(Huang et al., 2019; Lindqvist et al., 2017; Remus and Dantzer, 2016;
Yamaguchi et al., 2018; Zhang et al., 2016; Zhang and Hashimoto,
2019b).

Unfortunately, the potential psychotomimetic and other unwanted
side effects of (R,S)-ketamine have also been well-documented in ro-
dents. These include hyperlocomotion, prepulse inhibition (PPI) defi-
cits, conditioned place preference, schizophrenia-like psychotic
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symptoms, and cognitive deficits (Becker and Grecksch, 2004; Chan
et al., 2013; Chang et al., 2019; Giorgetti et al., 2015; Imre et al., 2006;
Lahti et al., 1995; Yang et al., 2015). These have limited interest in its
use in humans.

4. Brief history of (R,S)-ketamine's antidepressant effects in
humans

The discovery of (R,S)-ketamine's antidepressant effects in humans
began in the 1970s (Fig. 2). As described in Edward Domino's review
article, some PCP (or ketamine) abusers had used (R,S)-ketamine to
improve depressive symptoms rapidly when usual antidepressants were
not effective (Domino, 2010). However, he conducted no further study
because of concerns that PCP and (R,S)-ketamine were illicit drugs
(Domino, 2010). It was therefore a major advancement when (R,S)-
ketamine's antidepressant effects were later acknowledged and the
agent was introduced for the treatment of severe depression. Berman
et al. (2000) had already demonstrated the rapid-acting and sustained
antidepressant effects of (R,S)-ketamine in patients with depression,
and these findings were replicated by Zarate Jr. et al. (2006) in treat-
ment-resistant patients with major depressive disorder (MDD). Since
then, many studies have confirmed the antidepressant effects of (R,S)-
ketamine for treatment-resistant patients with MDD, bipolar disorder,
and suicidal ideation (Bobo et al., 2016; Grunebaum et al., 2018;
Kishimoto et al., 2016; Murrough et al., 2013; Newport et al., 2015;
Singh et al., 2016b).

In clinical trials, interventional studies have sought to evaluate the
beneficial effects of (R,S)-ketamine. Several randomized single- and
double-blind placebo- or drug-controlled studies have replicated the
antidepressant effects of (R,S)-ketamine in both MDD and bipolar dis-
order, even after a single intravenous dose of 0.5 mg/kg (Berman et al.,
2000; Zarate Jr. et al., 2006). Another cross-over double-blind study
indicated that many patients with treatment-resistant bipolar disorder
(71%) showed significant improvements (Diazgranados et al., 2010).
Zarate Jr. et al. (2012) also evidenced that depressive symptoms and
suicidal ideation improved within 40 min of patients with bipolar dis-
order receiving a single infusion of (R,S)-ketamine. Furthermore, in a
dose-ranging trial of intravenous (R,S)-ketamine, Fava et al. (2018)
suggested that there was evidence to support the validity of single dose
therapy at either 0.5mg/kg or 1.0mg/kg in patients with treatment-
resistant depression.

In two midazolam-controlled randomized clinical trials, (R,S)-ke-
tamine caused rapid reductions in suicidal ideation and depressive
symptoms within 24 h (Grunebaum et al., 2018; Murrough et al., 2013).
Moreover, (R,S)-ketamine was shown to have potent anti-suicidal ef-
fects in depressed patients with suicidal ideation (Bartoli et al., 2017;
Reinstatler and Youssef, 2015; Wilkinson et al., 2018). These studies
indicate that (R,S)-ketamine is a promising antidepressant for the
treatment of severe depressed patients with suicide ideation.

Repeated ketamine infusion is important for maintenance therapy in
patients with treatment-resistant depression (Phillips et al., 2019;
Strong and Kabbaj, 2018). In a double-blind, randomized, placebo-
controlled study, Singh et al., 2016b suggested that twice- or thrice-
weekly administration of (R,S)-ketamine (0.5 mg/kg) was sufficient to
maintain antidepressant efficacy over 15 days in patients with treat-
ment-resistant depression. At present, there is a lack of long-term data
on the long-term safety and efficacy of (R,S)-ketamine for patients with
treatment-resistant depression. This is important given the potential for
severe side effects.

5. Antidepressant-like effects of ketamine enantiomers in rodents

(R,S)-ketamine (Ki = 0.53 puM for NMDAR) comprises a racemic
mixture of (R)-ketamine (Ki = 1.4 uM for NMDAR) and (S)-ketamine
(Ki = 0.30 uyM for NMDAR) in equal measure (Fig. 1) (Ebert et al.,
1997). In 2014, Zhang et al. (2014) first reported that (R)-ketamine had
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greater potency and longer lasting antidepressant effects than (S)-ke-
tamine in a neonatal dexamethasone-treated model of depression. In
2015, they further reported that (R)-ketamine had greater potency and
longer lasting antidepressant effects than (S)-ketamine in CSDS and LH
models of depression (Yang et al., 2015). Subsequently, the superiority
of (R)-ketamine over (S)-ketamine was reported in rodents (Chang
et al., 2019; Fukumoto et al., 2017; Zanos et al., 2016). Importantly,
(R)-ketamine also has fewer detrimental side effects than either (R,S)-
ketamine or (S)-ketamine in rodents and monkey (Chang et al., 2019;
Fukumoto et al., 2017; Hashimoto, 2017; Hashimoto et al., 2017; Tian
et al.,, 2018a; Yang et al., 2015; B. Yang et al., 2016a; C. Yang et al.,
2016). However, in 2019, Masaki et al. (2019) demonstrated that the
functional MRI (fMRI) responses in the brains of conscious rats after a
single injection of (S)-ketamine, (R,S)-ketamine, or (+)-MK-801 were
different from the fMRI responses after a single injection of (R)-keta-
mine. Their results indicated that NMDAR inhibition was unlikely to
play a role in the pharmacological effects of (R)-ketamine in rat brains
(Masaki et al., 2019).

6. Antidepressant-like effects of ketamine metabolites in rodents

In 2016, a group led by Dr. Todd Gould (University of Maryland)
reported that the metabolism of (R,S)-ketamine to (2R,6R)-hydro-
xynorketamine (HNK) (Fig. 3) was essential for the antidepressant-like
effects of the parent compound in rodents (Zanos et al., 2016). Al-
though (2R,6R)-HNK is a minor metabolite of (R)-ketamine, the dose
necessary to achieve antidepressant-like effects was similar to that for
(R,S)-ketamine (Zanos et al., 2016). Unfortunately, our group was un-
able to replicate the antidepressant-like effects of (2R,6R)-HNK in ro-
dents with depression-like phenotypes (Chaki, 2018; Chang et al., 2018;
Hashimoto and Shirayama, 2018; Shirayama and Hashimoto, 2018;
Xiong et al., 2019; Yamaguchi et al., 2018; Zhang et al., 2018b; Zhang
et al., 2018c).

In a study using cytochrome P450 inhibitors, it was shown that
metabolism to (2R,6R)-HNK was unnecessary for the antidepressant-
like effects of (R)-ketamine, and that (R)-ketamine itself may be re-
sponsible for the observed antidepressant-like actions (Yamaguchi
et al., 2018). Clinical study of (2R,6R)-HNK in humans is to be started
by the US National Institute of Mental Health. A double-blind rando-
mized study of (R)-ketamine versus (2R,6R)-HNK would be of great
interest in depressed patients.

Finally, (S)-ketamine is metabolized to (S)-norketamine (Fig. 3). In
2018, Yang et al. (2018a) reported that (S)-norketamine produced rapid
and sustained antidepressant-like effects in a CSDS model. Importantly,
unlike to (S)-ketamine, (S)-norketamine did not produce the expected
side effects in rodents (Yang et al., 2018a). Therefore, (S)-norketamine
could be an alternative to (S)-ketamine, potentially offering anti-
depressant efficacy with fewer side effects (Hashimoto, 2019a;
Hashimoto, 2019b; Hashimoto and Yang, 2018).

7. Effects of ketamine enantiomers in humans

Vollenweider et al. (1997) reported on the psychological state and
cerebral glucose metabolism produced after injecting either (S)-keta-
mine or (R)-ketamine. Although (S)-ketamine produced psychotic re-
actions, including depersonalization and hallucinations, (R)-ketamine
did not produce any psychotic symptoms in the same subjects at the
same dose (Vollenweider et al., 1997). Positron emission tomography
showed that (S)-ketamine led to markedly increased glucose utilization
in the frontal cortex and thalamus, whereas (R)-ketamine suppressed
glucose metabolism in several brain areas (Vollenweider et al., 1997).
Collectively, these results suggested that (S)-ketamine contributed to
the acute side effects of ketamine, whereas (R)-ketamine may be free of
these side effects (Hashimoto, 2019a; Zanos et al., 2018).

In the US, Janssen Pharmaceutical developed (S)-ketamine nasal
spray for use in treatment-resistant depression. This was based on the
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Fig. 3. Chemical structure of metabolites (2R,6R)-HNK and (S)-norketamine of (R)-ketamine and (S)-ketamine.
Ki values for NMDAR are presented in parenthesis (Ebert et al., 1997; Zanos et al., 2016).

results of a double-blind, multicenter, randomized, placebo-controlled
trial (Singh et al., 2016a) in which it was reported that (S)-ketamine
(0.2 and 0.40 mg/kg by intravenous infusion) showed a rapid and ro-
bust antidepressant effect (within 2 h) in patients with treatment-re-
sistant depression. The most common treatment-emergent adverse

events were headache, nausea, and dissociation (Singh et al., 2016a). A
recent head-to-head study of (S)-ketamine (0.25 mg/kg by intravenous
infusion) and (R,S)-ketamine (0.5 mg/kg by intravenous infusion) de-
monstrated that (S)-ketamine produced similar antidepressant effects to
those of (R,S)-ketamine in treatment-resistant patients with depression
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(Correia-Melo et al., 2019), indicating the non-inferiority of (S)-keta-
mine (0.25 mg/kg) to (R,S)-ketamine (0.5 mg/kg) 24 h after a single
infusion. Interestingly, however, the antidepressant effects of (R,S)-
ketamine (0.5 mg/kg) by 7 days after a single injection were more
potent than for (S)-ketamine, albeit without statistical significance
(P = 0.08) (Correia-Melo et al., 2019). In contrast, based on the pre-
clinical findings (Yang et al., 2015; Yang et al., 2018a; Zhang et al.,
2014), it is likely that (R)-ketamine plays a role in the long-lasting
antidepressant effects of (R,S)-ketamine. Double-blind, randomized
trials of (R)-ketamine versus (S)-ketamine are therefore urgently
needed to assess their relative efficacies in patients with depression.

Only two of the five phase III trials performed by Janssen
Pharmaceutical showed positive results for (S)-ketamine. Nevertheless,
on March 5, 2019, the US FDA approved the use of (S)-ketamine nasal
spray (esketamine) for treatment-resistant depression in conjunction
with an oral antidepressant (Fig. 2). Because of the risk of serious ad-
verse effects, it is only available through a restricted distribution
system, under the Risk Evaluation and Mitigation Strategy. On De-
cember 19, 2019, (S)-ketamine nasal spray was approved for use in
treatment-resistant depression in Europe (Fig. 2) (Mahase, 2019).
However, there are many concerns about the efficacy of esketamine
nasal spray (Kaur et al., 2019; Turner, 2019; Zimmermann et al., 2020).

A recent pilot study in Brazil demonstrated that intravenous infu-
sion of (R)-ketamine (0.5 mg/kg for 40-min) elicited rapid-acting and
sustained antidepressant actions in treatment-resistant patients with
MDD, and that side effects such as dissociation were low (Leal et al.,
2020). At present, a clinical trial of (R)-ketamine by Perception Neu-
roscience Ltd. is underway for use in depressed patients (Hashimoto,
2019a).

8. Mechanisms of ketamine's antidepressant actions
8.1. NMDAR inhibition and AMPAR activation

It is widely acknowledged that the rapid antidepressant actions of
ketamine occur via blockade of NMDARs located at inhibitory inter-
neurons. This blockade causes the disinhibition of pyramidal cells that
result in a burst of glutamatergic transmission (Duman, 2018; Krystal
et al., 2019). Subsequently, activation of the AMPAR (a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid receptor) is required for ke-
tamine's antidepressant effects. This was demonstrated by research
showing that pretreatment with an AMPAR antagonist blocked keta-
mine's antidepressant effects in rodents (Maeng et al., 2008). In addi-
tion, the role of AMPAR activation in the antidepressant effects of ke-
tamine and its two enantiomers has been replicated (Autry et al., 2011;
Yang et al., 2015).

Unfortunately, other NMDAR antagonists (e.g., memantine, lanice-
mine, rapastinel, and AV-101) do not show ketamine-like robust anti-
depressant actions in patients with depression (Hashimoto, 2019a;
Kishimoto et al., 2016; Newport et al., 2015; Sanacora et al., 2017;
Yang et al., 2019b; Zarate Jr. et al., 2006). Preclinical data using the
two ketamine enantiomers has indicated that NMDAR inhibition may
not be central to the antidepressant effects of ketamine in rodents
(Hashimoto, 2019a; Yang et al., 2015, 2019b). Therefore, we must now
reconsider the role of NMDAR inhibition in the antidepressant effects of
ketamine and its enantiomers (Yang et al., 2019b). In addition, there
are some questions that remain to be explored although role of NMDAR
in ketamine's antidepressant effects is supported by convergent pre-
clinical data. Nonetheless, a full picture of the multiple mechanistic
pieces linking ketamine to antidepressant actions is still under experi-
mental scrutiny.

8.2. Monoaminergic system

It has long been established that 5-hydroxytyptamine (5-HT) plays a
key role in the mechanisms of action of SSRIs and SNRIs. Research also
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indicates that AMPAR-dependent 5-HT release in the medial prefrontal
cortex may be involved in the antidepressant effects of (R,S)-ketamine
in rodents without depression-like phenotypes (Chaki and Fukumoto,
2019; Fukumoto et al., 2016), though it is considered unlikely that 5-
HT plays a role in the antidepressant effects of either (R,S)-ketamine or
(R)-ketamine in rodents with a depression-like phenotype (Gigliucci
et al., 2013; Zhang et al., 2018a). Therefore, further detailed studies are
needed on the role of 5-HT in the antidepressant effects of (R,S)-keta-
mine and its enantiomers in animals with depression-like phenotypes.
It has also been suggested that the dopamine system plays a role in
depression. A recent study demonstrated that disruption of the dopa-
mine D; receptor encoded by the Drd1 in the medial prefrontal cortex
blocked the rapid antidepressant effects of (R,S)-ketamine in control
mice (Hare et al., 2019). This finding suggested that activation of do-
pamine D; receptors in the medial prefrontal cortex was necessary for
the rapid antidepressant actions of (R,S)-ketamine. By contrast, Li et al.
(2015) reported that the dopamine D; receptor antagonist SCH-23390
did not block the antidepressant-like effects of (R,S)-ketamine in control
mice. It has also been shown that pretreatment with SCH-23390 failed
to block the antidepressant effects of (R)-ketamine in CSDS-susceptible
mice (Chang et al., 2020). A recent study also demonstrated that (S)-
ketamine caused a robust increase in dopamine release in the prefrontal
cortex compared with (R)-ketamine (Ago et al., 2019), but that its an-
tidepressant effects were less potent than those of (R)-ketamine in an-
imal models of depression. Therefore, although it is unlikely that do-
pamine D, receptors play a major role in the antidepressant actions of
(R,S)-ketamine or (R)-ketamine, the dopamine system may contribute
to some of the observed pharmacological actions (Chang et al., 2020).

8.3. BDNF-TrkB system

In 2011, Autry et al. (2011) demonstrated that the rapid-acting
antidepressant effects of (R,S)-ketamine were dependent on the rapid
synthesis of brain-derived neurotrophic factor (BDNF); this was based
on the finding that (R,S)-ketamine did not cause antidepressant-like
effects in inducible Bdnf-knockout mice. Subsequent studies have re-
plicated the role of the BDNF-TrkB cascade in the antidepressant effects
of (R,S)-ketamine (Yang et al., 2013; Zhou et al., 2014). The TrkB in-
hibitor ANA-12 has also been shown to block the rapid and long-lasting
antidepressant effects of (R)-ketamine and (S)-ketamine in CSDS-sus-
ceptible mice (Yang et al., 2015). Regulation of glutamate transporter 1
on astrocytes, through the activation of TrkB, also appears to play a role
in the beneficial effects of (R,S)-ketamine on behavioral abnormalities
and in the morphological changes seen in the hippocampi of rats ex-
posed to CUMS (W.X. Liu et al., 2016a). Collectively, it is likely that
prolonged activation of the BDNF-TrkB cascade in the prefrontal cortex
and hippocampus is responsible for the long-lasting antidepressant ef-
fects of (R,S)-ketamine and its enantiomers.

8.4. mTORC1 and ERK

In 2010, Dr. Ronald Duman (Yale University) and colleagues de-
monstrated that rapamycin, an mTOR inhibitor, blocked the anti-
depressant-like effects of (R,S)-ketamine in rodents (Li et al., 2010). By
contrast, Autry et al. (2011) later showed that the level of phosphory-
lated mTOR was not altered in the hippocampi of control and Bdnf-
knockout mice after injecting (R,S)-ketamine. The antidepressant-like
effects of (R,S)-ketamine were not affected by rapamycin in wild-type
mice. Furthermore, it was shown that (R,S)-ketamine did not alter the
levels of phosphorylated mTOR in the hippocampi and prefrontal cor-
texes of mice, but that the levels of phosphorylated eukaryotic elon-
gation factor 2 and BDNF were significantly increased in the hippo-
campi (Zanos et al., 2016). Interestingly, a CSDS model indicated that
mTORCI1 plays a major role in the antidepressant effects of (S)-keta-
mine, but not in those of (R)-ketamine, (Yang et al., 2018b). Instead,
the antidepressant effects of (R)-ketamine may be mediated by ERK

-100-



Y. Wei, et al.

activation, based on evidence that pretreatment with SL327 (an ERK
inhibitor) inhibited its antidepressant effects (Yang et al., 2018b).

A recent randomized, placebo-controlled clinical study demon-
strated that rapamycin did not alter the acute effects of (R,S)-ketamine
in treatment-resistant patients with depression, but that combination
therapy led to prolonged antidepressant effects (Abdallah et al., 2018).
As such, the role of mTORC1 in the antidepressant effect of (R,S)-ke-
tamine has not been confirmed in treatment-resistant patients with
depression. Further investigation using a larger sample should help to
confirm the role of mTORC1 in the antidepressant effects of (R,S)-ke-
tamine and its enantiomers in clinically depressed patients.

8.5. Low-voltage-sensitive T-type calcium channel

In 2018, a group of Dr. Hailan Hu (Zhejiang University) demon-
strated that blockade of NMDAR-dependent bursting activity in the
lateral habenula was induced by (R,S)-ketamine. Further, they showed
that this lateral habenula bursting promoted rapid-acting anti-
depressant effects in rodents and that it required both NMDARs and
low-voltage-sensitive T-type calcium channels (Y. Yang et al., 2018).
Giving ethosuximide (200 mg/kg), a T-type calcium channel inhibitor,
resulted in rapid antidepressant effects in rodents (Y. Yang et al., 2018).
However, giving ethosuximide (100, 200, 400 mg/kg) did not produce
any antidepressant actions in CSDS-susceptible mice, whereas (R)-ke-
tamine did, in the same model (Tian et al., 2018b). A recent double-
blind, placebo-controlled study demonstrated that ethosuximide did not
produce antidepressant actions in medication-free patients with de-
pression (Zhang et al., 2020b).

Overall, existing research indicates that T-type calcium channel
inhibitors are unlikely to might exert ketamine-like robust anti-
depressant actions in depressed patients. Further study is needed to
confirm the antidepressant action of ethosuximide. At present, a ran-
domized clinical trial is underway at Zhejiang University in China to
assess the effects of ethosuximide in treatment-resistant patients with
depression (Jiang et al., 2019).

8.6. Opioid system

It is well known that ketamine interacts with opioid receptors, with
(S)-ketamine binding to mu and kappa receptors being 2- to 4-fold
stronger than that of (R)-ketamine (Domino, 2010; Hirota and Lambert,
1996). Pretreatment with the opiate receptor antagonist naltrexone
(50 mg) significantly blocked the antidepressant and anti-suicidal ef-
fects of (R,S)-ketamine in treatment-resistant patients with depression,
suggesting that activation of the opioid system was necessary to pro-
duce the rapid-acting antidepressant effects of (R,S)-ketamine (Williams
et al., 2019; Williams et al., 2018). Other research has shown that
pretreatment with naltrexone did not alter the antidepressant effects of
(R,S)-ketamine in depressed patients with alcohol use disorder (Yoon
et al., 2019). Furthermore, (R,S)-ketamine still produced antidepressant
effects in patients concurrently receiving a high-affinity mu opioid re-
ceptor agonists (i.e., buprenorphine, methadone, or naltrexone)
(Marton et al., 2019). Thus, the role of the opioid system in the anti-
depressant effects of (R,S)-ketamine remains controversial in humans.

In CSDS and inflammation-induced models of depression, nal-
trexone pretreatment did not block the antidepressant-like effects of
(R,S)-ketamine, suggesting that the opioid system may not facilitate the
antidepressant-like effects of (R,S)-ketamine (Zhang and Hashimoto,
2019a). However, a recent study showed that NMDAR and opioid re-
ceptors were required for (R,S)-ketamine to reduce the depression-like
and lateral habenula hyperactive cellular phenotypes in congenital LH
rats (Klein et al., 2020). Both the behavioral and cellular effects of
(R,S)-ketamine were blocked by naltrexone in congenital LH rats (Klein
et al., 2020). The authors concluded that (R,S)-ketamine likely does not
act as an opiate at antidepressant doses, with its cellular and behavioral
effects instead primarily mediated through the NMDAR (Klein et al.,
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2020). Further study with each ketamine enantiomer is needed to
confirm the role of the opioid system in the antidepressant actions of
(R,S)-ketamine.

8.7. Transforming growth factor B1 system

The molecular mechanisms underpinning (R)-ketamine's anti-
depressant effects remain unclear, especially compared with our un-
derstanding of (S)-ketamine. However, based on RNA sequencing ana-
lysis, we demonstrated that transforming growth factor (TGF)-$1 in the
microglia plays a role in the antidepressant effects of (R)-ketamine
(Zhang et al., 2020a). Of even greater interest, TGF-f1 was shown to
elicit rapid-acting and long-lasting antidepressant effects in CSDS, LH,
and inflammation models (Zhang et al., 2020a). As such, it is likely that
TGF-B1 could be a novel therapeutic target for depression.

8.8. Brain—gut—microbiota axis

Multiple lines of evidence suggest a possible role of the brain—
gut-microbiota axis in the stress-induced depression-like phenotype
and in the antidepressant-like effects of certain compounds (Carlessi
et al., 2019; Wang et al., 2020; Yang et al., 2017a; Yang et al., 2019a;
Zhang et al., 2017; Zhang et al., 2019). (R,S)-ketamine is shown to
improve abnormal composition of gut microbiota in rodents with de-
pression-like phenotype (Huang et al., 2019). Furthermore, (R)-keta-
mine ameliorated abnormal composition of gut microbiota in the CSDS
susceptible mice (Yang et al., 2017b; Qu et al., 2017). Taken together,
the brain-gut-microbiota axis may, in part, play a role in the anti-
depressant actions of (R)-ketamine [or (R,S)-ketamine], although fur-
ther studies are needed.

9. Concluding remarks

The discovery that (R,S)-ketamine had robust antidepressant actions
in depressed patients was certainly serendipitous (Krystal et al., 2019),
and has so far led to the esketamine nasal spray being approved for use
in treatment-resistant depression in both the US and Europe, despite
several concerns about its efficacy and side effects. By contrast, there
are no therapeutic options for (R)-ketamine, although clinical research
is underway in humans. From the preclinical and clinical findings, it
seems that safety profile of (R)-ketamine in humans is better than (R,S)-
ketamine and (S)-ketamine (Hashimoto, 2019a, 2019b, 2020). This is of
great importance because there is accumulating preclinical data to
show that (R)-ketamine has greater antidepressant potency and elicits
longer lasting effects than either (R,S)-ketamine or (S)-ketamine. Col-
lectively, existing data indicate that (R)-ketamine could be a safer an-
tidepressant, necessitating that the research community conduct
double-blind randomized study comparing (R)-ketamine with (S)-ke-
tamine in depressed patients. As mentioned, non-ketamine NMDAR
antagonists fail to produce robust ketamine-like antidepressant effects
in patients with depression (Hashimoto, 2019a), suggesting that me-
chanisms other than NMDAR inhibition play a role in the anti-
depressant effects of (R,S)-ketamine (Hashimoto, 2019a; Yang et al.,
2019b). Further detailed study is therefore needed to identify the pri-
mary target of (R,S)-ketamine's antidepressant actions.
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ABSTRACT

Although the brain—gut axis appears to play a role in the pathogenesis of Parkinson’s disease, the precise
mechanisms underlying the actions of gut microbiota in this disease are unknown. This study was undertaken
to investigate whether antibiotic-induced microbiome depletion affects dopaminergic neurotoxicity in the
mouse brain after administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP significantly
decreased dopamine transporter (DAT) immunoreactivity in the striatum and tyrosine hydroxylase (TH)
immunoreactivity in the substantia nigra of water-treated mice. However, MPTP did not decrease DAT or TH
immunoreactivity in the brains of mice treated with an antibiotic cocktail. Furthermore, antibiotic treatment
significantly decreased the diversity and altered the composition of the host gut microbiota at the genus and
species levels. Interestingly, MPTP also altered microbiome composition in antibiotic-treated mice. These
findings suggest that antibiotic-induced microbiome depletion might protect against MPTP-induced
dopaminergic neurotoxicity in the brain via the brain—gut axis.

INTRODUCTION associated with microbiota impairment [24, 25].
Antibiotic cocktail-induced microbiome depletion has
Parkinson’s disease (PD) is a common and progressive been used to investigate the role of gut microbiota in
neurodegenerative disease that predominately affects some pathological conditions [26-35]. In addition,
dopaminergic neurons in the striatum and substantia Sampson et al. [36] reported that gut microbiota are
nigra (SNr) [1, 2]. There is also evidence that loss of necessary for motor deficits induced by a-synuclein
dopamine at extrastriatal sites in the basal ganglia, overexpression in mice. Interestingly, antibiotic
thalamus, or cortex contributes to PD pathology [3]. treatment ameliorated these deficits, while microbial
Although the precise mechanisms underlying PD re-colonization promoted PD pathology in mice.
pathology remain largely unknown, evidence suggests Remarkably, colonization of a-synuclein overexpressing
that the brain—gut axis plays a crucial role [4-13]. For mice with microbiota from PD patients enhanced
example, alterations in bowel function, mainly in the physical impairments compared to microbiota
form of constipation, can precede the onset of the transplants from healthy control subjects. Collectively,
prototypical motor symptoms of PD [14]. these findings suggest that the effects of the brain—gut
axis in the pathology of PD are mediated at least
Over the past two decades, it has become apparent that in part by the gut microbiota. However, the effects
gut microbiota is a fundamental factor in host of antibiotic-induced microbiome depletion on
physiology and pathology. The brain—gut axis is a dopaminergic neurotoxicity in the brains of PD model
complex, multi-organ, bidirectional signaling system mice are unknown.
involving the gut microbiota and the brain [6, 15-23].
Moreover, although antibiotics are crucial, their overuse In this study, we investigated whether antibiotic-
plays a role in the pathogenesis of several diseases induced microbiome depletion affects MPTP (1-methyl-4-
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phenyl-1,2,3,6-tetrahydropyridine)-induced dopaminergic
neurotoxicity, which is widely used as an animal model
of PD [37], in the mouse brain.

RESULTS
Effects of the antibiotic cocktail on body weight

A repeated measures two-way ANOVA revealed that
treatment with an antibiotic cocktail for 14 days reduced
mouse body weights (antibiotic: Fi3s = 20.549, P <
0.001; MPTP: Fi3s = 0.005, P = 0.994; interaction
(antibiotic x MPTP): Fy3s =0.045, P = 0.833; Figure 1B).
On day 22, antibiotic + saline group body weights, but
not antibiotic + MPTP group weights, remained lower
than those of mice that did not receive antibiotics (Figure
1B). Thus, antibiotic + MPTP group body weights
recovered gradually after treatment, while antibiotic +
saline group weights did not.

Antibiotic treatment protected against MPTP-
induced neurotoxicity in the mouse brain

DAT immunohistochemistry revealed that MPTP reduced
DAT levels in the striatum of the water-treated group, but
not the antibiotic-treated group (Figure 1C). A two-way
ANOVA revealed significant differences in DAT
immunoreactivity among the four groups (antibiotic:
F1,36 = 11.30, p= 0.002; MPTP: F1,36 = 20.46, P < 0.001;
interaction (antibiotic x MPTP): Fy3s = 15.32, P < 0.001;
Figure 1D). TH immunohistochemistry revealed that
MPTP reduced TH immunoreactivity in the SNr of the
water-treated group, but not the antibiotic-treated group
(Figure 1E). A two-way ANOVA revealed significant
differences in TH immunoreactivity among the four
groups (antibiotic: Fi3 = 11.48, P = 0.002; MPTP:
F136 = 10.19, P = 0.003; interaction (antibiotic x MPTP):
Fi3s = 11.75, P = 0.002; Figure 1F). Collectively, these
results indicate that treatment with an antibiotic cocktail
for 14 days protected against MPTP-induced
dopaminergic neurotoxicity in the striatum and SNr.

Gut microbiota composition

Next, we investigated the composition of the gut
microbiota, which can be altered by antibiotic cocktail
treatment [33-35], in the four experimental groups.
a-diversity is defined as the richness of gut microbiota
and can be measured using different indices. Two-way
ANOVAS revealed a significant difference in the Chaol
(antibiotic: Fi3s = 15.928, P < 0.001; MPTP: Fi13 =
37.541, P < 0.001; interaction (antibiotic x MPTP): Fy36
=20.587, P < 0.001; Figure 2A) and Ace (antibiotic: Fy3s
= 12.968, P < 0.001; MPTP: Fy3s = 43.032, P < 0.001;
interaction (antibiotic x MPTP): Fi3 = 22.827, P <
0.001; Figure 2B) indices among the four groups.

Specifically, Chao 1 and Ace indices were higher in the
water + MPTP group than in both the water + saline and
antibiotic + MPTP groups (P < 0.001). Interestingly,
antibiotic cocktail treatment attenuated the MPTP-
induced increase in the Chao 1 and Ace indices. A two-
way ANOVA also revealed significant differences in the
Shannon index among the four groups (antibiotic: Fi,3s =
8.942, P = 0.005; MPTP: Fi3 = 0.593, P = 0.446;
interaction (antibiotic x MPTP): F13s = 3.427, P = 0.072;
Figure 2C). The Shannon index in the antibiotic + MPTP
group was lower than that of the water + MPTP group. In
an unweighted UniFrac PCoA dot map, dots representing
the antibiotic-treated groups were far away from dots
representing the water-treated groups (Figure 2D).
Interestingly, dots representing the antibiotic + MPTP
group were isolated from dots representing the other
three groups (Figure 2D).

At the phylum level, Firmicutes were the most abundant
phylum in the water + saline group microbiota (Figure
3A and 3B). The abundance of Firmicutes was lower in
the antibiotic + MPTP group than in the water + MPTP
and antibiotic + saline groups (P < 0.001, Figure 3B). In
contrast, the most dominant phylum in the antibiotic +
MPTP group, Bacteroidetes, was less abundant in the
water + MPTP and antibiotic + saline groups (P <
0.001, Figure 3C). Proteobacteria levels were higher
after treatment with the antibiotic cocktail compared to
the two water-treated groups (Figure 3D), while
Deferribacteres and TM7 levels decreased after
treatment with the antibiotic cocktail or with MPTP
(Figure 3E, 3F).

Antibiotic and MPTP treatment also altered the
composition of fecal microbiota at the genus level
(Figure  4A). Lactobacillus, Mucispirillum, and
Candidatus Arthromitus levels decreased after treatment
with the antibiotic cocktail (Figure 4B-4D). In contrast,
Parasutterella, Blautia, Robinsoniella, Escherichia,
Dorea, and Eubacterium levels increased after treatment
with antibiotic cocktail (Figure 4E-4J). Interestingly,
Asaccharobacter levels increased in the antibiotic +
MPTP group compared to the other three groups (Figure
4K). Clostridium, which was the most dominant genus in
control mice, decreased after MPTP injections and
antibiotic cocktail treatment (Figure 4L). Furthermore,
the antibiotic + MPTP group had a higher abundance of
Parabacteroides than the other three groups (Figure 4M).
Finally, MPTP treatment attenuated the antibiotic-
induced increase in the abundance of Bacteroides and
Enterococcus (Figure 4N, 40).

Gut microbiota composition at the species level in the four
experimental groups is shown in Figure 5A. Lactobacillus
murinus,  Lactobacillus  johnsonii,  Mucispirillum
schaedleri, and Candidatus Arthromitus sp. SFB-mouse
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decreased after antibiotic cocktail treatment (Figure 5B— mice, decreased in all other groups (Figure 5I). On

5E). In contrast, Escherichia coli, Blautia sp. Ser8, and the other hand, Blautia sp. canine oral taxon 143,
Robinsoniella  peoriensis increased after antibiotic Parabacteroides  distasonis,  Blautia  coccoides,
treatment (Figure 5F-5H). Clostridium sp. Clone-27, the Clostridium sp. HGF2, and Clostridium bolteae increased
most abundant species in control water + saline group in the antibiotic + MPTP group (Figure 5J-5N).

Figure 1. Effects of antibiotic treatment on gut microbiota diversity. (A) Treatment schedule. Adult mice received drinking water
with or without antibiotic cocktail from day 1 to day 14. On day 15, MPTP or saline injections were administered. On day 22, fresh feces
were collected. Mice were then perfused for immunohistochemistry. (B) Body weights in the different groups (repeated two-way ANOVA,
antibiotic: F13s = 20.549, P < 0.001; MPTP: F136 = 0.005, P = 0.994; interaction (antibiotic x MPTP): F13 = 0.045, P = 0.833). (C)
Representative images of DAT immunohistochemistry in the water + saline, water + MPTP, antibiotic + saline, and antibiotic + MPTP groups.
(D) Striatal DAT immunoreactivity data. (E) Representative images of TH immunohistochemistry in the water + saline, water + MPTP,
antibiotic + saline, and antibiotic + MPTP groups. (F) SNr TH immunoreactivity data. Data are shown as mean + S.E.M. (n = 10). ***P <0.001.

Bar =50 um.
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In addition, Lactobacillus intestinalis and Lactobacillus
reuteri, which increased in the water + MPTP group
compared to the water + saline group, were markedly
reduced after antibiotic treatment (Figure 50 and 5P).
Interestingly, DAT immunoreactivity was negatively
correlated with levels of Lactobacillus intestinalis (r = -
0.38, P = 0.01) and Lactobacillus reuteri (r = -0.39, P =
0.01; Figure 5U and 5V). The antibiotic-induced increase
in the abundance of Bacteroides acidifaciens,
[Clostridium] cocleatum, and Enterococcus casseliflavus
was largely reversed after MPTP administration (Figure
5Q-5S). In addition, MPTP restored Bacteroides sp. TP-
5 to control levels after it had been reduced by antibiotic
treatment (Figure 5T).

DISCUSSION

In this study, we examined the effects of treatment with
an antibiotic cocktail on gut microbiota in a mouse
model of PD. We found that MPTP markedly reduced
DAT immunoreactivity in the striatum and TH
immunoreactivity in the SNr of the water-treated group,

but not the antibiotic-treated group. Second, antibiotic
cocktail treatment caused substantial alterations in host
gut microbiota composition compared to the water-
treated group. In an unweighted UniFrac PCoA, dots
representing the two antibiotic-treated groups were
located far away from dots representing the two water-
treated groups. Interestingly, dots representing the
antibiotic + MPTP group were also far from the dots of
the other three groups. At the phylum level,
Proteobacteria was markedly increased, while
Deferribacteres, and TM7 were markedly decreased, in
the gut of antibiotic-treated mice. Antibiotic treatment
was also associated with substantial microbiome
alterations at the genus and species levels. Overall, 14
days of treatment with an antibiotic cocktail caused
significant changes in the diversity and composition of
the host gut microbiota, which is consistent with
previous reports [33—-35]. Taken together, these results
suggest that antibiotic—induced microbiome depletion
might protect against MPTP-induced dopaminergic
neurotoxicity in the mouse brain via the brain—gut
microbiota axis.

Figure 2. a-diversity and B-diversity in gut microbiota. Diversity index values for the four groups. (A) Chao 1 index (two-way ANOVA,
antibiotic: F136 = 15.928, P < 0.001; MPTP: F1 3 = 37.541, P < 0.001; interaction (antibiotic x MPTP): F; 3 = 20.587, P < 0.001). (B) ACE index
(two-way ANOVA, antibiotic: F13 = 12.968, P < 0.001; MPTP: Fy3 = 43.032, P < 0.001; interaction (antibiotic x MPTP): Fy 36 = 22.827, P <
0.001). (C) Shannon index (two-way ANOVA, antibiotic: F1 3= 8.942, P = 0.005; MPTP: F1 35 = 0.593, P = 0.446; interaction (antibiotic x MPTP):
F136=3.427, P =0.072). (D) PCoA analysis of gut bacteria data (Bray—Curtis dissimilarity).
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In another recent study, we reported that 14 days of
antibiotic treatment increases levels of bacteria from the
phylum Proteobacteria and decreases levels of the major
bacterial phyla Bacteroidetes and Firmicutes in the mouse
gut microbiota (Wang et al., submitted); similar results
have also been observed in other studies [26, 31, 32].
Here, we found that the relative abundance of
Proteobacteria increased in the antibiotic-treated groups
compared to the water-treated groups. In contrast, the
relative abundance of Firmicutes and Bacteroidetes was

similar in the antibiotic + saline and water + saline groups,
indicating that spontaneous recovery of these bacteria
occurred. The mechanisms underlying the increased
relative abundance of Proteobacteria after antibiotic
cocktail treatment are currently unknown. Interestingly,
MPTP significantly altered the relative abundance of
Firmicutes and Bacteroidetes in the antibiotic-treated
group, but not in the water-treated group. Thus, MPTP
might further alter gut microbiome composition after
antibiotic-induced microbiome depletion.

Figure 3. Altered gut bacteria composition at the phylum level. (A) Relative abundance at the phylum level. (B) Bacteroidetes.
(C) Firmicutes. (D) Proteobacteria. (E) Deferribacteres. (F) TM7. Data are shown as mean +S.E.M. (n=10). **P < 0.01, ***P <0.001. See the

Supplementary Table 1 for detailed statistical analysis.
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Figure 4. Altered gut bacteria composition at the genus level. (A) Relative abundance at the genus level. (B) Lactobacillus.
(C) Mucispirillum. (D) Candidatus Arthromitus. (E) Parasutterella. (F) Blautia. (G) Robinsoniella. (H) Escherichia. (1) Dorea. (J) Eubacterium.
(K) Asaccharobacter. (L) Clostridium. (M) Parabacteroides. (N) Bacteroides. (0) Enterococcus. Data are shown as mean = S.E.M. (n = 10). **P <
0.01, ***P <0.001. See the Supplementary Table 2 for detailed statistical analysis.
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Figure 5. Altered gut bacteria composition at the species level. (A) Relative abundance at the species level. (B) Lactobacillus murinus.
(C) Lactobacillus johnsonii. (D) Mucispirillum schaedleri. (E) Candidatus Arthromitus sp. SFB-mouse. (F) Escherichia coli. (G) Blautia sp. Ser8.
(H) Robinsoniella peoriensis. (1) Clostridium sp. Clone-27. (J) Blautia sp. canine oral taxon 143. (K) Parabacteroides distasonis. (L) Blautia
coccoides. (M) Clostridium sp. HGF2. (N) Clostridium bolteae. (O) Lactobacillus intestinalis. (P) Lactobacillus reuteri. (Q) Bacteroides
acidifaciens. (R) [Clostridium] cocleatum. (S) Enterococcus casseliflavus. (T) Bacteroides sp. TP-5. (U) Negative correlation (r = -0.38, P = 0.01)
between Lactobacillus intestinalis and DAT immunoreactivity. (V) Negative correlation (r = - 0.39, P = 0.01) between Lactobacillus reuteri and
DAT immunoreactivity. Data are shown as mean £ S.E.M. (n =10). *P < 0.05, **P < 0.01, ***P <0.001. See the Supplementary Table 3 for
detailed statistical analysis.
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MPTP specifically increased levels of the following
bacterial species in the guts of antibiotic-treated mice:
Blautia sp. Canine oral taxon 143, Parabacteroides
distasonis, Blautia coccoides, Clostridium sp. HGF2,
Clostridium bolteae, and Bacteroides sp. TP-5. A recent
study demonstrated that Parabacteroides distasonis
alleviated obesity and metabolic dysfunction via
production of succinate and secondary bile acids [38]. In
addition, Parabacteroides distasonis reduced the severity
of intestinal inflammation in murine models of acute and
chronic colitis induced by dextran sulphate sodium,
suggesting that Parabacteroides distasonis may be useful
for treating inflammatory bowel diseases [39]. Blautia
coccoides produce hydrogen [13], which might have
beneficial effects in the MPTP mouse model [40].
Interestingly, Clostridium sp. HGF2 plays an important
role in the metabolism of mannitol [41], which could
attenuate behavioral abnormalities and aggregations of a-
synuclein in the rodent brain [42, 43]. Among the bacteria
increased by MPTP, Bacteroides sp. TP-5 is particularly
noteworthy due to its ability to modulate immune system
function [44]. Furthermore, a recent study demonstrated
that fecal —microbiota transplantation  protected
against MPTP-induced neurotoxicity by suppressing
neuroinflammation [45]. The effects of supplementation
with Bacteroides sp. TP-5 on dopaminergic neurotoxicity
in mouse MPTP model should be investigated further.

MPTP treatment also decreased levels of the Bacteroides
acidifaciens, [Clostridium] cocleatum, and Enterococcus
casseliflavus bacterial species. Bacteroides acidifaciens
are important for promoting IgA production in the large
intestine [46]. Interestingly, Bacteroides acidifaciens
levels were increased in the feces of Atg74<P!'c mice with
a lean phenotype compared to those of control Atg7™
mice, and wild-type C57BL/6 mice fed with a diet
including Bacteroides acidifaciens gained less weight
and fat mass than mice fed control food [47]. Those
results suggest that Bacteroides acidifaciens might be a
potential treatment for metabolic diseases such as obesity
[47]. The functional roles of [Clostridium] cocleatum
and Enterococcus casseliflavus are unclear, and the
mechanisms underlying the recovery of the three bacterial
species that increased in the gut microbiome of antibiotic-
treated mice after MPTP administration in this study
are currently unknown. Regardless, it is likely that
interactions between the brain—gut axis and these
microbiomes play a role in MPTP-induced neurotoxicity,
and the relationship between neuroprotection, the immune
system, and the brain—gut axis warrants further
investigation.

In this study, we found that DAT immunoreactivity was
negatively correlated with Lactobacillus intestinalis and
Lactobacillus reuteri levels despite the marked decrease
observed in these species after antibiotic treatment. Both

of these bacteria produce lactic acid, which was more
abundant in the striatum of MPTP-treated mice [48].
Furthermore, treatment with Lactobacillus reuteri
selectively  rescues social  deficits in  genetic,
environmental, and idiopathic autism spectrum disorder
(ASD) models, suggesting that this species may be a
promising non-invasive microbial-based therapy for ASD-
related social dysfunctions [49]. Additionally, short-chain
fatty acids promote proliferation of Lactobacillus reuteri
[50]; this effect should be investigated further. It is
possible that Lactobacillus intestinalis, Lactobacillus
reuteri, and lactic acid might affect the dopaminergic
neurotoxicity of MPTP in the brain. Furthermore,
antibiotic-induced microbiome depletion might enhance
or counteract MPTP-induced dopaminergic neurotoxicity
in mouse brain, although the specific microbes that might
be involved in these effects were not identified in this
study. Additional studies are needed to confirm the
relationship  between MPTP-induced dopaminergic
neurotoxicity and the gut microbiome.

Accumulating evidence suggests that abnormal gut
microbiota composition might affect neuroprotection [8,
51, 52]. Choi et al. [53] identified dramatic and
widespread increases in levels of Enterobacteriaceae,
and particularly of Proteus mirabilis, in the mouse MPTP
model. Administration of Proteus mirabilis isolated
from MPTP-treated mice produced motor deficits,
dopaminergic neuronal damage, and inflammation in the
striatum and SNr, suggesting that Proteus mirabilis
promotes PD pathology in the brain. Furthermore,
Srivastav et al. [54] reported neuroprotective effects of a
probiotic cocktail containing Lactobacillus rhamnosus
GG, Bifidobacterium animalis lactis, and Lactobacillus
acidophilus in MPTP-treated mice. Together, these
results indicate that altered gut microbiota composition
likely plays a role in dopaminergic neurotoxicity related
to PD.

In conclusion, the present study suggests that antibiotic-
induced microbiome depletion might protect against
MPTP-induced dopaminergic neurotoxicity in the mouse
brain, and that MPTP might improve the diversity and
composition of gut microbiota in antibiotic-treated mice.
These results indicate that the brain—gut axis plays a key
role in the pathology of PD.

MATERIALS AND METHODS
Animals

Male adult C57BL/6 mice (8 weeks old) weighting 20-
25 g were purchased from SLC (Inc., Hamamatsu, Japan).
Animals were housed under controlled temperatures and
12-hour light/dark cycles (lights on between 07:00-19:00)
with ad libitum food (CE-2; CLEA Japan, Inc., Tokyo,
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Japan) and water. All experiments were carried out
according to the Guide for Animal Experimentation of
Chiba University. The experimental protocol was
approved by the Chiba University Institutional Animal
Care and Use Committee.

Preparation of antibiotics and MPTP

As described in previous reports [33-35], broad-spectrum
antibiotics (ampicillin 1 g/L, neomycin sulfate 1 g/L,
metronidazole 1 g/L, Sigma-Aldrich Co., Ltd, St Louis,
MO, USA) were dissolved in drinking water. This
antibiotic cocktail, which was prepared fresh every
other day, was administered to adult C57BL/6 mice
for 14 continuous days. 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP: Tokyo Chemical Industry
CO., Ltd., Tokyo, Japan) was dissolved in saline. Other
compounds were purchased commercially.

Schedule of treatment and collection of fecal and
brain samples

The procedure for establishing MPTP-induced
neurotoxicity was performed as previously reported [55,
56]. Forty mice (8 weeks old) were divided among the
following four groups: water + saline; water + MPTP;
antibiotic cocktail + saline; antibiotic cocktail + MPTP.
Mice were given drinking water with or without the
antibiotic cocktail from day 1 to day 14 (Figure 1A). All
mice were given water without antibiotics from day 15 to
day 22. On day 15, mice received intraperitoneal
injections of MPTP (10 mg/kg x 3, 2-hr interval) or
saline (5 mL/kg x 3, 2-hr interval; Figure 1A). One week
after MPTP or saline injection, fresh fecal samples were
collected and stored at -80°C until use. Subsequently, the
mice were anesthetized with 5% isoflurane and sodium
pentobarbital (50 mg/kg) for brain collection. Mice were
perfused transcardially with 10 mL of isotonic saline
followed by 30 mL of ice-cold 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). Brains were removed,
post-fixed overnight at 4°C, and then used for
immunohistochemical stating of dopamine transporter
(DAT) and tyrosine hydroxylase (TH).

DAT and TH Immunohistochemistry

Immunohistochemical staining of DAT and TH was
performed as reported previously [55, 56]. Consecutive
50 pm-thick coronal brain sections (bregma 0.86—1.54
mm and -2.92-3.88 mm) were cut in ice-cold 10 mM
phosphate buffered saline (pH 7.5) using a vibrating
blade microtome (VT1000s, Leica Microsystems AG,
Wetzlar, Germany). Free-floating sections were treated
with 0.3% H20 in 50 mM Tris-HCL saline (TBS) for 30
min and blocked in 0.2% Triton X-100 TBS (TBST) with
1.5% normal serum for 1 hour at room temperature.

Samples were then incubated for 36 hours at 4°C with rat
anti-DAT antibody (1:10,000, Merck Millipore,
Burlington, MA, USA) or rabbit anti-TH antibody
(1:500, Sigma-Aldrich, St Louis, MO, USA). The
sections were then washed three times in TBS and
processed according to the avidin-biotin-peroxidase
method (Vectastain Elite ABC, Vector Laboratories, Inc.,
Burlingame, CA, USA). Sections were then incubated
with 0.15 mg/mL diaminobenzidine and 0.01% H,0O- for
5 minutes; the staining solution for DAT only also
contained 0.06% NiCl,. The sections were then mounted
on gelatinized slides, dehydrated, cleared, and
coverslipped with Permount® (Fisher Scientific, Fair
Lawn, NJ, USA). Images were taken and DAT and TH
immunoreactivity staining intensity in the anterior region
(0.25 mm?) of the striatum as well as the number of TH-
positive cells in SNr region (0.36 mm?) were analyzed
using a Keyence BZ-9000 Generation microscope
(Keyence Co., Ltd, Osaka, Japan). Eight data points (four
brain slides) from each mouse were used for the
quantitative analyses of DAT and TH immunoreactivity.

16S rRNA analysis

DNA was extracted from fecal samples and 16S rRNA
analyses were performed as previously described [57] by
MyMetagenome Co., Ltd. (Tokyo, Japan). Briefly, PCR
was performed using 27Fmod 5-AGRGTTTGATYM
TGGCTCAG-3' and 338R 5-TGCTGCCTCCCGTAGG
AGT-3' primers to amplify the V1-V2 region of the
bacterial 16S rRNA gene. The amplified DNA (~330bp)
was purified using AMPure XP (Beckman Coulter) and
quantified using a Quant-iT Picogreen dsDNA assay kit
(Invitrogen) and a TBS-380 Mini-Fluorometer (Turner
Biosystems). The 16S amplicons were then sequenced
using a MiSeq according to the Illumina protocol. The
paired-end reads were merged using the fastg-join
program based on overlapping sequences. Reads with an
average quality value of <25 and inexact matches to both
universal primers were filtered out. Filter-passed reads
were analyzed further after trimming off both primer
sequences. For each sample, 3,000 high-quality filter-
passed reads were rearranged in descending order
according to quality value and then clustered into
operational taxonomic units (OTUs) with a 97%
pairwise-identity cutoff using the UCLUST program
version 5.2.32 (https://www.drive5.com). Taxonomic
assignments of OTUs were performed based on similarity
searches against the Ribosomal Database Project and the
National Center for Biotechnology Information genome
database using the GLSEARCH program [58].

Statistical analysis

Animal experiment data are presented as the mean *
standard error of the mean (S.E.M.). Statistical analyses
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were performed using SPSS Statistics 20 (SPSS, Tokyo,
Japan). Body weight data were analyzed using repeated
two-way analysis of variance (ANOVA) followed by
post-hoc Tukey’s multiple comparison tests. DAT and
TH immunohistochemistry and 16S rDNA data were
analyzed using two-way ANOVAs followed by post-
hoc Tukey’s multiple comparison tests. P values of less
than 0.05 were considered statistically significant.
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SUPPLEMENTARY MATERIALS

Supplementary Tables

Supplementary Table 1. Statistical analysis data of gut microbiota data at phylum.

Interaction effect

Graph Factor effect (Antibiotic) Factor effect (MPTP) (Antibiotic x MPTP)

Bacteroidetes F(1,36= 12.695, P = 0.001 F,36=21.180, P < 0.001 F,36 = 1.806, P = 0.187
Firmicutes F(1 36) = 14. 284 P =0.001 1,36) = 20.353, P <0.001 1,36) = 2.272, P =0.140
Proteobacteria F36)= =40.495, P < 0.001 F36)= 1.034,P =0.316 F,36) = 0.190, P =0.665
Deferribacteres F(,36=10.911, P = 0.002 F(1,36=3.872, P = 0.057 F(1,36 = 3.948, P = 0.055
TM7 F(1 36) = 10.916, P =0.002 F(1,36)2 10.916, P =0.002 F(1,35 = 10.916, P =0.002

Supplementary Table 2. Statistical analysis data of gut microbiota data at genus.

Graph

Factor effect (Antibiotic)

Factor effect (MPTP)

Interaction effect
(Antibiotic x MPTP)

lactobacillus
Mucispirillum
Candidatus Arthromitus
Parasutterella
Blautia
Robinsoniella
Escherichia
Dorea
Eubacterium
Asaccharobacter
Clostridium
Parabacteroides
Bacteroides
Enterococcus

Fa.36 = 40.826, P < 0.001
F,36 = 10.835, P = 0.002
F,36 = 10.302, P = 0.003
Fa.36 = 81.500, P < 0.001

@36 = 11.239, P = 0.002
=11.589, P =0.002
=8.289, P =0.007
=7.766, P =0.008
=8.529, P =0.006
=1.292,P=0.263
=7.982, P =0.008
F,36 = 43.663, P < 0.001
F.36 = 19.018, P < 0.001
=8.910, P =0.005

F36) =
F,36) =
F36) =
F(,36 =
F(1,36 =
F36) =
F(1,36 =

F(1,36)

F1,36)
F1,36)

F136)=0743 P=0.394
=3.818, P =0.059
F36 = 1.204, P = 0.280
F13e)=0344 P =0.561
1.430, P = 0.240

(
Fse) =
(
(
(
Fase =0.211, P = 0.649
(
(
(
(

F36) =

F36 = 2.245, P =0.143
0.548, P =0.464
F,36 = 3.508, P = 0.069
Fa36 =7.712, P = 0.009
F36 = 6.757, P = 0.013
=29.742,P <0.001
=12.176, P = 0.001

4.904, P =0.033

F36) =

F.36 =

136)=0744 P =0.394
=3.893, P =0.056
0.796,P =0.378

F36) =
F36) =
F.36 = 0.495, P = 0.486
Fouss) = 1.542, P = 0,222
Fss = 0.211, P = 0.649
F36 =2.399, P =0.130
( 1.104, P =0.300
F36 =1.747,P =0.195
F.36 = 4.353, P = 0.044
( 1.664, P =0.205
F.36 = 29.742, P < 0.001
F36 = 7.447, P =0.010
4.624,P =0.038

F36) =

F36) =

F.36 =
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Supplementary Table 3. Statistical analysis data of gut microbiota data at species.

Interaction effect

Graph Factor effect (Antibiotic) Factor effect (MPTP) (Antibiotic x MPTP)

Lactobacillus murinus F36 = 19.973, P <0.001 F(,36 = 0.007, P = 0.935 F,36 = 0.006, P = 0.936
Lactobacillus johnsonii F36 = 21.666, P < 0.001 Fs6 = 1.126, P = 0.296 F36 = 1.126, P = 0.296
Mucispirillum schaedleri F(.36 = 10.803, P = 0.002 F,36 = 3.836, P = 0.058 F36 =3.912, P = 0.056
ﬁiﬂgédat”s Arthromitus sp. SFB- & 10.302,P=0003  Fusy=1204,P=0280  Fass=0.796, P = 0.378
Escherichia coli F(1,36) = 8.289, P =0.007 F(1 36) — =2. 245 P =0.143 F(1,36) = 2.399, P =0.130
Blautia Sp. Ser8 F (1,36) = 10. 059 P =0.003 F(1 36) — =3. 457 P=0.071 F(1,36) = 3.457, P =0.071
Robinsoniella peoriensis F36 = 11.921, P =0.001 F(,36 = 0.239, P = 0.628 F(36 = 0.239, P = 0.628
Clostridium Sp. Clone-27 1,36) = 6.957, P =0.012 F(1 36) — =0, 366 P =0.004 F(1,36) = 6.036, P =0.019
Blautia sp. canine oral taxon 143 F36 = 5.309, P = 0.027 F,36 = 5.309, P = 0.027 F36 = 5.309, P = 0.027
Parabacteroides distasonis F36 =30.573,P <0.001  F(,36 = 40.561, P <0.001 F(,36 = 39.576, P < 0.001
Blautia coccoides 1,36) = 26.794, P <0.001 F(1,3s) = 6.406, P =0.016 1,36) = 6.406, P =0.016
Clostridium Sp. HGF2 1 (1,36) = 21. 898 P <0.001 F(1,3s) = 12.850, P =0.001 F (1,36) = 12. 850 P =0.001
Clostridium bolteae F,36 = 8.670, P = 0.006 F,3s = 5.094, P = 0.030 F,3s = 5.094, P = 0.030
Lactobacillus intestinalis F36 = 23.328, P < 0.001 F36 =8.172, P = 0.007 F(,36 = 8.105, P = 0.007
Lactobacillus reuteri F36 = 23.676, P < 0.001 F,36 = 8.288, P = 0.007 F36 = 8.214, P = 0.007
Bacteroides acidifaciens F36 =26.102, P <0.001  F(,36 = 18.528, P < 0.001 F36 = 11.141, P = 0.002
[Clostridium] cocleatum F(l,se) =14.097, P =0.001 Fe,36 =9.975, P = 0.003 F36 = 9.975, P = 0.003
Enterococcus casseliflavus Fa36 =6.743,P =0.014 F,36 = 5.058, P = 0.031 F(36 = 5.058, P = 0.031
Bacteroides sp. TP-5 F,36 = 7.426, P = 0.010 F,3s = 4.685, P =0.037 F,36 = 4.747, P = 0.036
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Abnormal composition of gut microbiota is
associated with resilience versus susceptibility
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Abstract

Increasing evidence indicates that abnormalities in the composition of gut microbiota might play a role in stress-related
disorders. In the learned helplessness (LH) paradigm, ~60-70% rats are susceptible to LH in the face of inescapable electric
stress. The role of gut microbiota in susceptibility in the LH paradigm is unknown. In this study, male rats were exposed to
inescapable electric stress under the LH paradigm. The compositions of gut microbiota and short-chain fatty acids were
assessed in fecal samples from control rats, non-LH (resilient) rats, and LH (susceptible) rats. Members of the order
Lactobacillales were present at significantly higher levels in the susceptible rats than in control and resilient rats. At the
family level, the number of Lactobacillaceae in the susceptible rats was significantly higher than in control and resilient rats.
At the genus level, the numbers of Lactobacillus, Clostridium cluster I, and Anaerofustis in susceptible rats were significantly
higher than in control and resilient rats. Levels of acetic acid and propionic acid in the feces of susceptible rats were lower
than in those of control and resilient rats; however, the levels of lactic acid in the susceptible rats were higher than those of
control and resilient rats. There was a positive correlation between lactic acid and Lactobacillus levels among these three
groups. These findings suggest that abnormal composition of the gut microbiota, including organisms such as
Lactobacillus, contributes to susceptibility versus resilience to LH in rats subjected to inescapable electric foot shock.
Therefore, it appears likely that brain—-gut axis plays a role in stress susceptibility in the LH paradigm.

Introduction

Resilience is adaptation in the face of stress and
adversity. It is well known that humans display wide
variability in their responses to stress. Increasing amounts
of evidence show that resilience might be mediated by
adaptive changes in several neural circuits, including
numerous molecular and cellular pathways'™''. An
understanding of the molecular and cellular mechanisms
underlying resilience will facilitate the discovery of new
therapeutic drugs for stress-related psychiatric disorders,
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but the detailed mechanisms underlying resilience and
susceptibility remain unclear.

The brain—gut—microbiome axis is a complex, bidirec-
tional signaling system between the brain and the gut
microbiota’*™'®, Accumulating studies suggest that an
abnormal composition of the gut microbiota contributes
to the pathophysiology of depression'’™>' and the anti-
depressant effects of certain potential compounds®~°,
Previously, we reported that the presence of Bifido-
bacterium in the gut microbiome confers stress resilience
in a chronic social defeat stress (CSDS) model®°. It has
been shown that ~30-40% of rats are resilient to ines-
capable electric stress in the learned helplessness (LH)
paradigm®' 3% however, the role of gut microbiota in the
production of this resilience has not yet been investigated.
Microbes in the gut can produce short-chain fatty acids.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction

BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.
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The presence and abundance of such acids could pos-
sibly be used as an indicator of the types of bacteria
present in the gut. However, it is also currently unknown
how the altered composition of the gut microbiota
affects the concentration of short-chain fatty acids in
fecal samples.

The purpose of this study was to investigate the role of
gut microbiota on stress resilience using a rat LH para-
digm. First, we investigated whether the composition of
the gut microbiota was altered in fecal samples from LH
(susceptible) and non-LH (resilient) rats compared with
control rats. Then we examined whether the levels of
short-chain fatty acids—acetic acid, propionic acid, butyric
acid, lactic acid, and succinic acid—in the fecal samples
from susceptible and resilient rats were altered compared
with control rats, since these short-chain fatty acids can
produced by the gut microbiota®.

Materials and methods
Animals

Male Sprague-Dawley rats (n = 25, 200-230 g; 7 weeks,
Charles River Japan, Co., Tokyo, Japan) were used. The
animals were housed under a 12-h light/dark cycle with
ad libitum access to food and water. The experimental
procedures were approved by the Chiba University Insti-
tutional Animal Care and Use Committee (Permission
number: 31-341).

Stress paradigm (LH model) and collection of fecal sample

The LH paradigm was performed as previously repor-
ted® ®112173%  Animals  were initially exposed to
uncontrollable stress to create LH rats. When the rats
were later placed in a situation in which the shock is
controllable; that is, the animal could escape it, an animal
exhibiting LH not only fails to acquire an escape response
but also often makes no effort to escape the shock at all.

We used the Gemini Avoidance System (San Diego
Instruments, San Diego, CA) for LH paradigm. This
apparatus has two compartments by a retractable door.
On day 1 and day 2, rats were subjected to 30 inescapable
electric foot shocks (0.65 mA, 30s duration, at random
intervals averaging 18—42s). On day 3, a post-shock test
using a two-way conditioned avoidance test was per-
formed to determine whether the rats would exhibit the
predicted escape deficits (Fig. 1a). This session consisted
of 30 trials, in which electric foot shocks (0.65mA, 6s
duration, at random intervals with a mean of 30s) were
preceded by a 3-s conditioned stimulus tone that
remained on until the shock was terminated. The num-
bers of escape failures and the latency to escape in each of
the 30 trials were counted. Animals with more than 25
escape failures in the 30 trials were regarded as having
met the criterion for LH rats (susceptible). Animals with
fewer than 24 failures were defined as non-LH rats

Page 2 of 9

(resilient)®' 3%, Fresh fecal samples were collected in a
blind manner before post-shock stress on day 4, and
stored at —80 °C until use (Fig. 1A).

16S rDNA analysis

DNA extraction from fecal samples and the 16S rDNA
analysis were performed at the TechnoSuruga Laboratory,
Co., Ltd. (Shizuoka, Japan), as reported previously®.
Briefly, the samples were suspended in a buffer containing
4 M guanidium thiocyanate, 100 mM Tris-HCI (pH 9.0)
and 40 mM EDTA and broken up in the presence of
zirconia beads using the FastPrep-24 5G homogenizer
(MP Biomedicals, Irvine, CA). Then, DNA was extracted
using GENE PREP STAR PI-480 (KURABO, Japan). The
final concentration (10ng/pL) of the DNA sample was
used. Briefly, the V3-V4 hypervariable regions of the 16S
rRNA were amplified from microbial genomic DNA using
PCR with the bacterial universal primers (341F/R806)>”
and the dual-index method>®. For bioinformatics analysis,
the overlapping paired-end reads were merged using the
fastq-join program with default settings®”. The reads were
processed for quality and chimera filtering as follows.
Only reads with quality value scores of 20 for >99% of the
sequence were extracted, and chimeric sequences were
removed using the program usearch6.1*®. Non-chimeric
reads were submitted for 16S rDNA-based taxonomic
analysis using the Ribosomal Database Project (RDP)
Multiclassifier tool*”. Reads obtained in the Multi-FASTA
format were assigned to genus or phylum levels with an
80% confidence threshold. Principal component analysis
(PCA) was performed using Metagenome@KIN software
(World Fusion Co., Ltd., Tokyo, Japan) based on data
obtained from the bacterial family using the RDP taxo-
nomic analysis software.

Measurement of fecal short-chain fatty acids

Measurement of short-chain fatty acids—acetic acid,
propionic acid, butyric acid, lactic acid, and succinic acid
—in fecal samples was performed at the TechnoSuruga
Laboratory, Co., Ltd. (Shizuoka, Japan). For the determi-
nation of these short-chain fatty acids, feces were sus-
pended in distilled water, heated at 85°C for 15 min to
inactivate viruses, and then centrifuged according to
previously reported methods*>*'. The concentrations of
these short-chain fatty acids in feces were measured using
a high-performance liquid chromatography organic acid
analysis system with a Prominence CDD-10A con-
ductivity detector (Shimadzu, Kyoto, Japan), two tan-
demly arranged Shim-pack SCR-102(H) columns
[300 mm x 8 mm inner diameter (ID)], and a Shim-pack
SCR-102(H) guard column (50 mm x 6 mm ID)*>*!, The
HPLC calibration curves for the measurement of the
short-chain fatty acids were created using prepared
standard solutions.
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coordinates analysis (PCA)

Fig. 1 Experimental schedule of LH paradigm and profiles of gut microbiota. a Schedule of LH paradigm and collection of fecal samples. Rats
received inescapable electric shock (IES) treatments on 2 days (days 1 and 2). On day 3, fecal samples from rats were collected. Subsequently, rats
passed a post-shock test (PS), and were designated as resilient rats and susceptible rats. b Simpson index (an a-diversity indicator: one-way ANOVA:
F>17=11.531, P=0.001) among the three groups. a-Diversity data are shown as mean £ SEM. (n =6 or 7). **P < 0.01. N.S.: not significant. ¢ Principal

Statistical analysis

The data are presented as the mean + standard error of
the mean (S.E.M.). Analysis was performed using the
PASW Statistics 20 software (now SPSS statistics; SPSS,
Tokyo, Japan). Comparisons between groups were per-
formed using one-way analysis of variance, followed by
post hoc Fisher’s Least Significant Difference test. A P
value < 0.05 was considered statistically significant.

Results
Composition of gut microbiota in control, resilient, and
susceptible rats

We used 16S rDNA gene sequencing to determine
differences in the gut microbiota composition among the
three groups of rats. a-diversity refers to the diversity of
bacteria or species within a community or habitat. The
susceptible rats showed a significant decrease in the a-
diversity value compared with control rats or resilient rats
(Fig. 1b). In the three-dimensional PCoA data, the mea-
surements from susceptible rats were well separated from
those of control rats and resilient rats. Four measure-
ments from the susceptible group were close to those of
the sham group, whereas the other three measurements
were close to those of the resilient group (Fig. 1c).

Firmicutes were the most dominant phylum, comprising
>85% of the total sequences. There were no significant
differences in the levels of this phylum among the three
groups. The order levels of gut bacterium in control rats,
resilient rats, and susceptible rats were identified (Fig. 2a).

Clostridiales and Lactobacillales were the most dominant
orders, with >80% of total sequences. The number of
Lactobacillales was significantly increased in the suscep-
tible rats compared with that in control and resilient rats
(Fig. 2b). In contrast, the number of Lactobacillales in the
resilient rats was similar to that in the control rats (Fig.
2b). The number of Actinomycetales in the susceptible
rats was significantly lower than that in the resilient rats
(Fig. 2c). Although the number of Actinomycetales in the
resilient rats was higher than that in the control rats, the
difference did not reach statistical significance.

The families of the gut bacteria in control, resilient, and
susceptible rats are shown (Fig. 3a). Lactobacillaceae were
significantly more highly represented in the susceptible
rats than in the control and resilient rats, although the
number of Lactobacillaceae in the resilient rats was
similar to that in the control rats (Fig. 3b). In contrast, the
number of Corynebacteriaceae was significantly lower in
the susceptible rats than that in the resilient rats, although
these two did not significantly differ from the control rats
(Fig. 3c).

The genera of gut bacteria in the control, resilient, and
susceptible rats are shown (Fig. 4a). Lactobacillus, Clos-
tridium cluster III, and Anaerofustis numbers were sig-
nificantly higher in the susceptible rats than in the control
and resilient rats (Fig. 4b, c, e). Corynebacterium numbers
were significantly lower in the susceptible rats than in the
resilient rats, although these two groups were not sig-
nificantly altered compared with the control rats (Fig. 4d).
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Order

Control

Resilience
.
I

Susceptible

0% 10% 20% 30% 40%

Lactobacillales ™ Bacteroidales
M Anaeroplasmatales M Enterobacteriales

® Natranaerobiales Caulobacterales

H Clostridiales
H Burkholderiales
Rhodospirillales

B C

\

50% 60% 70% 80% 90% 100%

M Erysipelotrichales
m Deferribacterales
Bifidobacteriales

Fig. 2 Changes in the composition of gut microbiota at the order level. a The order levels of gut microbiota among the three groups. b
Lactobacillales (one-way ANOVA: F, ;7 =4.021, P =0.044) among the three groups. ¢ Actinomycetales (one-way ANOVA: 517 =4.000, P = 0.038)
among the three groups. The data are shown as mean +SEM. (n=6 or 7). *P < 0.05, **P < 0.01. N.S:: not significant

W Verrucomicrobiales
m Bacillales

Coriobacteriales
M Actinomycetales
H Rhizobiales

W Rejected hit
M Selenomonadales
M Chloroplast

Measurement of short-chain fatty acids in fecal samples

Levels of acetic acid and propionic acid in the suscep-
tible rats were significantly lower than those in control
rats and resilient rats, and there were no significant dif-
ferences between control rats and resilient rats (Fig. 5a, b).
There were no changes in butyric acid and succinic acid
among the three groups (Fig. 5¢, €). In contrast, levels of
lactic acid in the susceptible rats were significantly higher
than those of control rats and resilient rats, although there
were no changes between control rats and resilient rats
(Fig. 5d). There was a positive correlation (r = 0.461, P =
0.041) between lactic acid and Lactobacillus levels among
three groups (Fig. 5f). There were no correlations between
other short-chain fatty acids and the microbiome com-
position among the three experimental groups.

Discussion
The major findings of this study are as follows. At the
order level, susceptibility to LH in rats exposed to

inescapable shock might be associated with an increase of
Lactobacillales and a decrease of Actinomycetales in the
host gut. At the family level, stress susceptibility might be
associated with an increase in Lactobacillaceae and
decrease of Corynebacteriaceae in the host gut. At the
gene level, stress susceptibility might be associated with
the increase of Lactobacillus, Clostridium cluster III and
Anaerofustis, and the decrease of Corynebacterium in the
host gut. Levels of acetic acid and propionic acid in the
feces from susceptible rats were lower than those in the
feces of control and resilient rats, whereas levels of lactic
acid in the susceptible rats were higher than those of
control and resilient rats. There was a positive correlation
between lactic acid and Lactobacillus levels among these
three groups. These findings suggest that alterations in
the composition of these microbiota contribute to sus-
ceptibility versus resilience in rats in the LH situation.
In this study, we found an increase in the abundance of
members of the order Lactobacillales and the family
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Fig. 3 Changes in the composition of gut microbiota at the family level. a The family levels of gut microbiota among the three groups. b
Lactobacillaceae (one-way ANOVA: F, 17 =4.039, P=0.043) among the three groups. ¢ Corynebacteriaceae (one-way ANOVA: F5 17 =4.159, P=0.034)
among the three groups. The data are shown as mean £ SEM. (n=6 or 7). *P<0.05, **P < 0.01. N.S:: not significant
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Lactobacillaceae in susceptible rats, in comparison with
control and resilient rats. It is possible that increased
abundance of members of the Lactobacillales order and
Lactobacillaceae family might play a role in susceptibility
versus resilience of rats to LH after inescapable electric
stress.

At the genus level, susceptibility in rats exposed to
inescapable shock might be associated with an increase in
Lactobacillus, Clostridium cluster 1lI, and Amnaerofustis
and a decrease of Corynebacterium in the host gut.
Clostridium, a genus of Gram-positive bacteria, includes
several significant human pathogens, such as the causative
agent of botulism. High levels of members of the genus
Clostridium have been reported in patients with major
depressive disorder (MDD) compared with controls*>*?,
suggesting that increased levels of Clostridium play a role
in depression. We reported that susceptible mice after
CSDS have higher levels of Clostridium, and that the

novel antidepressant candidate (R)-ketamine attenuated
the increased levels of Clostridium in susceptible mice®.
This study shows that the antidepressant effects of (R)-
ketamine might be partly mediated by the restoration of
altered composition of the gut microbiota in the CSDS
susceptible mice. Although the role of members of Clos-
tridium cluster III in depression is currently unclear, it
appears that Clostridium cluster III may contribute to
susceptibility in rats subjected to inescapable electric
stress.

Anaerofustis is a strictly anaerobic, Gram-positive, rod-
shaped, non-spore-forming bacterial genus of the family
Eubacteriaceae™. In this study, we found decreased levels
of Anaerofustis in the susceptible rats compared with the
control and resilient rats. At present, there have been no
reports showing alterations in Anaerofustis in patients
with MDD, or in rodents with depression-like phenotypes.
Therefore, it is unclear how decreased levels of
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Fig. 4 Changes in the composition of gut microbiota at the genus level. a The genus levels of gut microbiota among the three groups. b
Lactobacillus (one-way ANOVA: F, ;7 =4.030, P = 0.043) among the three groups. ¢ Clostridium /il (one-way ANOVA: F, ;= 5.625, P=0.021) among
the three groups. d Corynebacterium (one-way ANOVA: F, ;7 =4.283, P=0.031) among the three groups. ¢ Anaerofustis (one-way ANOVA: F,;;=
6.608, P=0.008) among the three groups. The data are shown as mean +SEM. (n=6 or 7). *P < 0.05, **P <0.01. N.S.: not significant
J

Anaerofustis play a role in susceptibility to LH. Further
study into the role of Anaerofustis in depression is needed.

In this study, we found lower levels of Corynebacterium
in the susceptible rats compared with control and resilient
rats. It has been reported that sub-chronic and chronic
exposure to glyphosate-based herbicides decreases the
composition of microbiota, such as Corynebacterium,
resulting in behavioral abnormalities including depression
and anxiety®. Low levels of Corynebacterium were also

reported in a chronic variable stress-induced rat model of
depression®®. It appears likely that lowered levels of Cor-
ynebacterium might play a role in a depression-like phe-
notype in rodents, although further study into the role of
Corynebacterium in depression is needed.

Short-chain fatty acids—acetic acid, propionic acid,
butyric acid, lactic acid, and succinic acid—are generated
as the end products of the degradation and fermentation
of indigestible carbohydrates by the gut microbiota®.
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Fig. 5 Levels of short-chain fatty acids in fecal samples and correlation with microbiota. a Acetic acid (one-way ANOVA: F,;; =5.898, P=

0.016) among the three groups. b Propionic acid (one-way ANOVA: F, ;7 = 8.175, P = 0.004) among the three groups. ¢ Butyric acid (one-way ANOVA:
F217=10559, P=0.582) among the three groups. d Lactic acid (one-way ANOVA: 5,7, =4.219, P=0.041) among the three groups. e Succinic acid
(one-way ANOVA: F, 17 = 0.763, P = 0.488) among the three groups. The data are shown as mean = S.EM. (h=6 or 7). *P < 0.05, **P < 0.01. N.S.: not
significant. f There is a positive correlation (r= 0461, P=0.041) between lactic acid and Lactobacillus in fecal samples

Measurement of these short-chain fatty acids could
therefore serve as an indirect method for the analysis of
microbiota composition. These organic acids have specific
anti-microbial activities*®, It has been reported that levels
of acetic acid and propionic acid in feces from women
with depression are lower than those in control subjects,
and that there are negative correlations between acetic
acid or propionic acid and depression scores®. In this
study, we found decreased levels of acetic acid and pro-
pionic acid in rats susceptible to LH, compared with
control and resilient rats, consistent with the results from
a recent clinical study®. We also found decreased levels of
butyric acid in the susceptible rats, although the differ-
ence did not reach statistical significance. Three short-
chain fatty acids containing C2—C4, acetic acid, propionic
acid, and butyric acid, account for over 95% of the pool of
short-chain fatty acids™. It is likely that decreased levels
of acetic acid and propionic acid in feces may be asso-
ciated with susceptibility to LH, and with depression in
patients with MDD.

Elevated levels of lactic acid in the blood, cerebrospinal
fluid and brain have been reported in patients with
MDD°°% Higher levels of lactic acid in rodents with
depression-like behaviors have also been reported®. In
contrast, peripheral administration of lactic acid produced
antidepressant-like effects in different models of depres-
sion’®. In this research we found higher levels of lactic
acid in feces from susceptible rats compared with those
from control and resilient rats. We found a positive

correlation between Lactobacillus, microbes which pro-
duce lactic acid, and the amounts of lactic acid in fecal
samples. It appears likely that the increased levels of lactic
acid produced by Lactobacillus might contribute to sus-
ceptibility to inescapable electric stress, although further
study is needed.

The crosstalk between the brain and the gut is pre-
dominately influenced by the gut bacteria®. Imbalance of
gut microbiota has been found to cause abnormalities in
the brain—gut axis in several neurological and psychiatric
diseases'®*°, Multiple lines of evidence suggest that an
abnormal composition of the gut microbiota contributes
to the resilience or susceptibility to LH in rodents after
repeated stress®>*°™°. It is well recognized that gut
microbiota plays a role in animal behaviors'*®°¢*
although the precise mechanisms underlying the
microbiome-mediated behaviors are currently unknown.
For example, it has been reported that the vagus nerve
plays a major role in modulating the constitutive com-
munication pathway between the brain and the bacteria in
the gut®®®* It is likely that altered composition of
microbiota might play a key role in the stress-induced
disorders although further study is needed.

This research has some limitations. In this study, we did
not identify the specific microbiome which can affect
susceptibility or resilience in the LH experiments.
Therefore, from the present data, we do not know how
the specific microbiome can affect behaviors under the
LH paradigm. In the future, it will be necessary to identify

-126-



Zhang et al. Translational Psychiatry (2019)9:231

the specific microbiome, using approaches such as shot-
gun metagenomics sequencing. It will also be of interest
to investigate the way in which specific microbiomes
affect behaviors related to LH.

In conclusion, the present study suggests that an altered
composition of the gut microbiota, including organisms,
such as Lactobacillus, Clostridium cluster 111, Anaerofus-
tis, and Corynebacterium, contributes to resilience and
susceptibility to learned helplessness in rats subjected to
inescapable electric foot shock.
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Abstract

Background: A recent study demonstrated that spine formation rates by ketamine in the prefrontal cortex (PFC) were not
altered at 3-6 h following a single injection, but were markedly altered at 12-24 h. Here, we investigated the acute (3 h post-
treatment) effects of (R)-ketamine in the decreased spine density in the medial PFC (mPFC) and hippocampus in susceptible
mice after chronic social defeat stress (CSDS).

Methods: (R)-ketamine (10 mg/kg) or saline was administered intraperitoneally to CSDS-susceptible mice. Dendritic spine
density in the mPFC and hippocampus was measured 3 h after a single injection.

Results: (R)-ketamine significantly ameliorated the decreased spine density in the prelimbic area of mPFC, Cornu Ammonis3,
and dentate gyrus of the hippocampus of CSDS-susceptible mice

Conclusions: This study suggests that (R)-ketamine rapidly ameliorates the decreased spine density in the mPFC and
hippocampus of CSDS-susceptible mice, resulting in its rapid-acting antidepressant effects.

Keywords: Rapid-acting antidepressant, dendritic spine density, (R)-ketamine, medial prefrontal cortex, hippocampus

Introduction

The discovery of the rapid-acting and sustained antidepressant
effects of the N-methyl-D-aspartate receptor (NMDAR) antag-
onist ketamine in treatment-resistant patients with depression
was serendipitous (Krystal et al., 2019). However, the precise
molecular mechanisms underlying the antidepressant effect of
ketamine remain to be elucidated (Hashimoto, 2019; Zhang and
Hashimoto, 2019a). Chronic stress paradigms, such as chronic

social defeat stress (CSDS) and chronic unpredicted mild stress
(CUMS), are known to profoundly reduce dendritic spine density
and functions in the prefrontal cortex (PFC) and hippocampus;
these effects could contribute to the morphological and func-
tional alterations observed in patients with depression (Duman
and Aghajanian, 2012; Duman and Duman, 2015). Ketamine
(10 mg/kg, 24 h post-treatment) ameliorated the decreased spine
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Significance Statement

The discovery of rapid-acting and sustained antidepressant effects of ketamine in patients with treatment-resistant depression
is serendipitous. A recent study using single-cell 2-photon calcium imaging demonstrated that spine formation rates in the pre-
frontal cortex (PFC) by (R,S)-ketamine were slow. Here, we report that (R)-ketamine rapidly (<3 h) ameliorates the decreased spine
density in the medial PFC of susceptible mice after chronic social defeat stress. Therefore, it is likely that the rapid rescue of spine
formation by (R)-ketamine contributes to its rapid-acting antidepressant effects.

synapse number in the medial PFC (mPFC) in mice after CUMS
(Li et al., 2011), resulting in its sustained antidepressant effects.
Notably, the rapid-acting antidepressant ketamine rapidly in-
creases spine synapse numbers in the PFCs of rodents and re-
verses the effects of chronic stress. These findings support the
neurotrophic and synaptogenic hypothesis of depression and
rapid-acting antidepressant actions (Duman and Aghajanian,
2012; Duman and Duman, 2015).

(R,S)-ketamine (Ki = 0.53 uM for NMDAR) is an equal
amount mixture of (R)-ketamine (or arketamine: Ki = 1.4 uM
for NMDAR) and (S)-ketamine (or esketamine: Ki = 0.3 uM for
NMDAR; Hashimoto, 2019). On 5 March 2019, the United State
Food Drug Administration approved (S)-ketamine nasal spray
for treatment-resistant depression. However, preclinical
studies demonstrated that (R)-ketamine has greater potency
and longer lasting antidepressant effects than (S)-ketamine in
rodent models of depression (Zhang et al., 2014a; Yang et al.,
2015; Fukumoto et al.,, 2017; Yang et al., 2017; Yang et al., 2018).
Importantly, the side effects of (R)-ketamine in rodents were less
than those of (R,S)-ketamine and (S)-ketamine (Yang et al., 2015;
Hashimoto et al., 2017; Tian et al., 2018a; Chang et al., 2019). We
reported that ketamine and its 2 enantiomers ([R]-ketamine
and [S]-ketamine; 10 mg/kg at 8 days post-treatment] signifi-
cantly ameliorated the decreased spine density in the mPFC
and hippocampus in CSDS-susceptible mice (Yang et al., 2015;
Dong et al.,, 2017). Interestingly, (R)-ketamine elicited a more po-
tent beneficial effect on the decreased dendritic spine density
in the mPFC and hippocampus of CSDS-susceptible mice than
(S)-ketamine (Yang et al., 2015). Compared with (S)-ketamine, it
is possible that the greater potency of (R)-ketamine for dendritic
spine formation contributes to its longer-lasting antidepressant
effects (Yang et al., 2015; Hashimoto, 2019).

A recent study using single-cell 2-photon calcium imaging
in awake mice showed that the effects of ketamine (10 mg/kg)
on spine formation in the PFC were slower (Moda-Sava et al.,
2019). Spine formation rates were not significantly altered at
3-6 h following a single injection of ketamine, but were mark-
edly altered at 12-24 h (Moda-Sava et al., 2019). This study sug-
gests that dendritic spine formation in the PFC was required for
the sustained antidepressant effects of ketamine, but not for its
acute antidepressant effects (Moda-Sava et al., 2019). Currently,
there are no reports showing acute (3 h post-treatment) effects
of ketamine on the decreased spine density in the brain after
CSDS or CUMS.

The present study was performed to examine whether (R)-
ketamine rapidly ameliorates the decreased spine density in the
mPFC and hippocampus in CSDS-susceptible mice.

Methods and Materials

Animals

Male, adult, C57BL/6 mice aged 8 weeks (body weight 20-25 g;
Japan SLC, Inc., Hamamatsu, Japan) and male, adult, CD1 (ICR)

mice aged 13-15 weeks (body weight >40 g; Japan SLC, Inc.,
Hamamatsu, Japan) were used. Animals were housed under
controlled temperatures and 12 hour light/dark cycles (lights
on between 07:00 a.m.-7:00 p.m.), with ad libitum food (CE-2;
CLEA Japan, Inc., Tokyo, Japan) and water. The protocol was ap-
proved by the Chiba University Institutional Animal Care and
Use Committee (permission number 1-376). This study was
carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health in the United States. Animals were
deeply anaesthetized with isoflurane before being killed by cer-
vical dislocation. All efforts were made to minimize suffering.

Materials

(R)-ketamine hydrochloride was prepared by recrystallization of
(R,S)-ketamine (Ketalar ketamine hydrochloride, Daiichi Sankyo
Pharmaceutical Ltd., Tokyo, Japan) and D-(-)-tartaric acid, as de-
scribed previously (Zhang et al., 2014a). The dose (10 mg/kg as
hydrochloride) of (R)-ketamine dissolved in the physiological sa-
line was used as previously reported (Zhang et al., 2014a; Yang
et al.,, 2015; Yang et al., 2017; Yang et al., 2018).

Chronic Social Defeat Stress Model

The procedure of CSDS was performed as previously reported
(Figure 1; Yang et al.,, 2015; Dong et al., 2017; Yang et al., 2017; Qu
et al., 2018; Yang et al., 2018). The C57BL/6 mice were exposed
to a different CD1 aggressor mouse for 10 min per day for 10
consecutive days. When the social defeat session ended, the
resident CD1 mouse and the intruder mouse were each housed
in half of a cage, separated by a perforated Plexiglas divider to
allow visual, olfactory, and auditory contact for the remainder
of the 24-h period. At 24 h after the last session, all mice were
housed individually. On Day 11, a social interaction test was per-
formed to identify subgroups of mice that were susceptible and
unsusceptible to social defeat stress. This was accomplished

Figure 1. Schedule of CSDS, treatment, and brain collection. CSDS was per-
formed from Day 1 to Day 10. A social interaction test was performed on Day 11
to select susceptible mice. On Day 12, saline (10 ml/kg) or (R)-ketamine (10 mg/
kg) was administered i.p. to susceptible mice. Saline (10 ml/kg) was also admin-
istered i.p. to control (no CSDS) mice. Golgi-Cox staining in the control mice and
CSDS-susceptible mice was performed 3 hours after a single administration of
saline or (R)-ketamine. Abbreviations: CSDS, chronic social defeat stress; D, day;
i.p., intraperitoneal.
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by placing mice in an interaction test box (42 x 42 cm) with
an empty wire-mesh cage (10 x 4.5 cm) located at an end. The
movement of the mice was tracked for 2.5 min, followed by
2.5 min in the presence of an unfamiliar aggressor who was con-
fined in the wire-mesh cage. The duration of the subject's pres-
ence in the “interaction zone” (defined as the 8 cmm-wide area
surrounding the wire-mesh cage) was recorded by a stopwatch.
The interaction ratio was calculated as the time spent in an
interaction zone with an aggressor/time spent in an interaction
zone without an aggressor. An interaction ratio of 1 was set as
the cut-off: mice with scores <1 were defined as “susceptible”
to social defeat stress and those with scores >1 were defined
as “resilient.” Approximately 70-80% of mice were susceptible
after CSDS. Susceptible mice were randomly divided in the sub-
sequent experiments. Control C57BL/6 mice without CSDS were
housed in the cage.

Golgi Staining

As previously reported (Zhang et al., 2014b; Yang et al., 2015; Dong
et al.,, 2017; Qu et al., 2018), Golgi staining was performed using
the FD Rapid Golgi Stain TM Kit (FD Neuro Technologies, Inc.,
Columbia, MD), following the manufacturer's instructions. At
3 h after a single intraperitoneal administration of saline (10 ml/
kg) or (R)-ketamine (10 mg/kg), mice were deeply anesthetized
with isoflurane and sodium pentobarbital; the brains were re-
moved from the skull and rinsed in double-distilled water. Brains
were immersed overnight in the impregnation solution, made by
mixing equal volumes of Solution A and B, and were then stored
in the dark in fresh solution for 2 weeks. Brains were trans-
ferred into Solution C overnight and then stored in the dark in
fresh solution at 4°C for 1 week. Coronal brain sections (100 pm
thickness) were cut on a cryostat (3050S, Leica Microsystems AG,
Wetzlar, Germany), with the chamber temperature set at -20°C.
Each section was mounted in Solution C, on saline-coated micro-
scope slides. After absorption of excess solution, sections were
dried naturally at room temperature. Dried sections were pro-
cessed following the manufacturer's instructions. Briefly, images
of dendrites within the prelimbic (PrL) area and infralimbic (IL)
area of the mPFC, dentate gyrus (DG), Cornu Ammonis (CA1), and
CA3 of the hippocampus were captured using a 100x objective
with a Keyence BZ-9000 Generation microscope (Osaka, Japan).
Spines were counted along mPFC, DG, CAl, and CA3 dendrites,
starting from their point of origin from the primary dendrite, as
previously reported (Yang et al., 2015; Dong et al., 2017; Qu et al.,
2018). For spine density measurements, all clearly evaluable areas
containing 50-100 pm of secondary dendrites from each im-
aged neuron were used. To determine the relative spine density,
spines on multiple dendritic branches from a single neuron were
counted to obtain an average spine number per 10 pm. For spine
number measurements, only spines that emerged perpendicular
to the dendritic shaft were counted. We analyzed 3 neurons per
section and 3 sections per animal. The average value for each re-
gion was obtained in each individual. These individual averages
were then combined to yield a grand average for each region.

Statistical Analysis

The data are shown as the mean + standard error of the mean.
An analysis was performed using PASW Statistics 20 (formerly
SPSS Statistics). Comparisons between groups were performed
using a 1-way analysis of variance, followed by a post hoc Tukey
test. A P value of less than 0.05 was considered statistically
significant.
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Results

Dendritic spine densities in the PrL regions of the mPFC, CA3,
and DG of the hippocampus from susceptible mice were signifi-
cantly lower than those from control mice, consistent with pre-
vious reports (Figure 2A, D, and E; Yang et al., 2015; Dong et al.,
2017; Qu et al., 2018). In contrast, spine densities in the IL regions
of the mPFC and CA1 of the hippocampus from susceptible mice
were not different from those in control mice, consistent with
previous reports (Figure 2B and C; Yang et al,, 2015; Dong et al.,
2017; Qu et al., 2018). A single injection of (R)-ketamine (10 mg/kg
at 3 h post-treatment) significantly ameliorated the decreased
spine densities in the PrL areas of the mPFC, CA3, and DG of the
hippocampus from susceptible mice (Figure 2A, D, and E).

Discussion

A recent study demonstrated that (R,S)-ketamine (10 mg/kg at
3-6 h post-treatment) did not affect the decreased spine density
in the PFC of chronically corticosterone-treated mice, whereas
(R,S)-ketamine markedly improved spine formation at 12-24 h
(Moda-Sava et al., 2019). This observation suggests that spine
formation is not involved in the rapid-acting antidepressant
effects of (R,S)-ketamine, since (R,S)-ketamine (at 3-48 h post-
treatment) rapidly attenuated the increased immobility time in
the tail suspension test (TST).

In this study, we used (R)-ketamine, since (R)-ketamine
elicited more potent antidepressant effects than (R,S)-ketamine
and (S)-ketamine in a CSDS model (Chang et al., 2019). We
found that (R)-ketamine (at 10 mg/kg) rapidly (<3 h) ameliorated
the decreased spine densities in the PrL regions of the mPFC,
CA3, and DG of the hippocampus in CSDS-susceptible mice.
Furthermore, (R,S)-ketamine (or [R]-ketamine; at 10 mg/kg) rap-
idly (<3-4 h) attenuated the increased immobility time of TST in
CSDS-susceptible mice (Tian et al., 2018b; Zhang and Hashimoto,
2019b). Although we did not investigate spines in the same re-
gions of the same mice using the 2-photon imaging technique, it
seems that (R)-ketamine could rapidly normalize the decreased
spine densities of susceptible mice to control levels, resulting in
its rapid-acting antidepressant effects.

It was reported that (R,S)-ketamine (5 mg/kg at 3 h post-
treatment) rescued the decreased densities of thin spines, but
not mushroom spines, in the mPFCs of male rats subjected to
isolation stress (Sarkar and Kabbaj, 2016). Although the decline
in total spine density was a cumulative effect of the declines
in thin spines and mushroom spines, it has been suggested
that the acute increase in spine density by ketamine was me-
diated mostly through an increase in thin spines (new, imma-
ture spines; Sarkar and Kabbaj, 2016). In addition, (S)-ketamine
(15 mg/kg) reversed dendritic spine deficits in <1 h in CA1 pyr-
amidal neurons of Flinders sensitive rats with a depression-like
phenotype (Treccani et al., 2019). Cumulatively, it is likely that
normalization of the decreased spine density in the brain by (R)-
ketamine is more rapid.

Moda-Sava et al. (2019) used a chronic (21 days) cortico-
sterone exposure model as a mouse model of depression.
Chronic corticosterone treatment decreased dendritic spine
density throughout the PFC, including in the anterior cingulate,
PrL, and IL subregions, whereas ketamine had the opposite ef-
fect. Although ketamine showed a rapid (3 h post-treatment)
antidepressant-like effect in TST, spine formation rates were
not significantly altered at 3 to 6 hours post-treatment, but were
markedly elevated at 12 to 24 hours. It has been suggested that
the rescue of spine formation by ketamine is associated with
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Figure 2. Rapid effects of (R)-ketamine on the decreased dendritic spine density in the prefrontal cortex and hippocampus in susceptible mice after CSDS. (A-E) Den-

dritic spine density in the PrL and IL regions of the mPFC, CA1, CA3, and DG of the hippocampus. The bar is 10 pm. (A) PrL region of mPFC (1-way ANOVA, F

P =0.019). (B) IL region of mPFC (1-way ANOVA, F, |
ANOVA, F, ,, = 8.144; P = 0.002). (E) DG of hippocampus (1-way ANOVA, F.

=4.825;

221

=0.027; P = 0.973). (C) CA1 of hippocampus (1-way ANOVA, F,, = 0.019; P = 0.982). (D) CA3 of hippocampus (1-way
. = 14.070; P < 0.001). The values represent the mean + standard error of the mean (n = 8/group).

P < 0.05, #P < 0.01, and *#P < 0.001, compared with saline-treated CSDS-susceptible mice. Abbreviations: ANOVA, analysis of variance; CSDS, chronic social defeat stress;
DG, dentate gyrus; IL, infralimbic; mPFC, medial prefrontal cortex; N.S., not significant; PrL, prelimbic; R-KT, (R)-ketamine.

its behavioral changes (Li et al., 2011; Duman and Aghajanian,
2012; Duman and Duman, 2015). However, this paper showed
that ketamine-induced spine formation affects the immobility
time of TST, but not anhedonia, in the sucrose preference test,
suggesting a specific role of the PFC and other regions for mo-
tivated escape behavior and anhedonia (Moda-Sava et al., 2019).
Lipopolysaccharide (LPS) is known to produce depression-like
behaviors in rodents 24 hours after a single dose (Dantzer et al.,
2008; Zhang et al., 2014b). In addition, in vivo imaging using
2-photon microscopy showed long-term changes in dendritic
spines in the mouse brain after a single dose of LPS (Kondo et al.,
2011). Therefore, it is of interest to investigate the acute (<3 h)
and sustained (<24 h) effects of ketamine and its enantiomers
for spine formation in LPS-treated rodents, using single-cell
2-photon calcium imaging.

In this study, we did not examine the effects of (R)-
ketamine in the spine formation of control mice, since
(R)-ketamine did not show antidepressant-like effects in
control (no CSDS) mice (Zhang et al., 2018). In addition,
Nugent et al. (2019) reported that ketamine caused depres-
sive symptoms (i.e., anhedonia) in healthy control subjects,
indicating that ketamine does not have antidepressant ef-
fects in healthy control subjects. Nonetheless, it is also of
interest to investigate whether (R)-ketamine can affect den-
dritic spine density in the control mice. In this study, we did
not measure the synaptic proteins [i.e., PSD-95 (postsynaptic
density protein 95) and GluA1 («-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor 1)] in the mPFC and
hippocampus in CSDS-susceptible mice. It is of interest to
examine whether (R)-ketamine can ameliorate the decreased
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expression of these proteins in these regions, since ketamine
and (R)-ketamine ameliorated these proteins (Duman and
Aghajanian, 2012; Duman and Duman, 2015; Yang et al, 2015;
Dong et al, 2017).

In conclusion, this study indicates that (R)-ketamine rapidly
(<3 h) ameliorates the decreased spine densities in the PrL re-
gions of the mPFC, CA3, and DG in susceptible mice after CSDS,
suggesting this mechanism for its rapid-acting antidepressant
effects. Further detailed study using single-cell 2-photon cal-
cium imaging is needed to confirm the acute effects of keta-
mine and its enantiomers for spine formation in rodents with
depression-like phenotypes.
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