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Abstract

Aim: Capric acid (also known as decanoic acid or C10) is one of the fatty acids in the
medium-chain triglycerides (MCTs) commonly found in dietary fats. Although dietary
treatment with MCTs is recently of great interest for the potential therapeutic effects
on neuropsychiatric disorders, the effects of oral administration of C10 on behav-
ior remain to be examined. This study investigated acute and chronic effects of oral
administration of C10 on locomotor activity and anxiety-like and depression-related
behaviors in adult male C57BL/6J mice.

Methods: To explore the acute effects of C10 administration, mice were subjected
to a series of behavioral tests in the following order: light/dark transition, open field,
elevated plus maze, Porsolt forced swim, and tail suspension tests, 30 minutes after
oral gavage of either vehicle or C10 solution (30 mmol/kg dose in Experiment 1; 0.1,
0.3, 1.0, 3.0 mmol/kg doses in Experiment 2). Next, to examine chronic effects of C10,
mice repeatedly administered with either vehicle or C10 solution (0.3, 3.0 mmol/kg
doses per day, for 21 days, in Experiment 3) were subjected to behavioral tests with-
out oral administration immediately before each test.

Results: The mice administrated with the high dose of C10 (30 mmol/kg) showed
lower body weights, shorter distance traveled, and more anxiety-like behavior than
vehicle-treated mice, and the results reached study-wide statistical significance. The
C10 administration at a lower dose of 0.3 mmol/kg had no significant effects on body
weights and induced nominally significantly longer distance traveled than vehicle ad-
ministration. Repeated administration of C10 at a dose of 3.0 mmol/kg for more than
21 days caused lower body weights and decreased depression-related behavior, al-
though the behavioral differences did not reach study-wide significance.
Conclusions: Although these results suggest dose-dependent effects of oral admin-
istration of capric acid on locomotor activity and anxiety-like and depression-related

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Neuropsychopharmacology Reports published by John Wiley & Sons Australia, Ltd on behalf of the Japanese Society of

Neuropsychopharmacology

Neuropsychopharmacology Reports. 2022;42:59-69.

wileyonlinelibrary.com/journal/nppr 59


www.wileyonlinelibrary.com/journal/nppr
https://orcid.org/0000-0003-4843-6949
https://orcid.org/0000-0002-7209-3790
mailto:﻿
https://orcid.org/0000-0003-0137-8200
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:miyakawa@fujita-hu.ac.jp

SHOJI ET AL.

60 NEUROPSYCHOPHARMACOLOGY
—I—Wl LE Y-

behaviors, further study will be needed to replicate the findings and explore the un-

derlying brain mechanisms.
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1 | INTRODUCTION

A ketogenic diet (KD), a high-fat and low-carbohydrate diet, was in-
troduced as an effective treatment of pharmacoresistant epilepsy,’
and it has been used worldwide over the past two decades following
a resurgence of interest in its efficacy for epilepsy.?* The medium-
chain triglyceride (MCT) KD was developed to make the classic KD
more palatable, allowing less restriction of other foods.’ The MCTs
have attracted great interest due to the importance of their direct
or indirect effects on seizure control of epilepsy and energy metab-
olism.® Recently, KD/MCT diet has also been studied as a potential
therapeutic treatment for other neuropsychiatric disorders, such as
Alzheimer's disease, Parkinson's disease, autism spectrum disorder,
and depression, although the efficacies and mechanisms underlying
the diet actions remain elusive.*’

The MCTs are abundant in coconut oil, palm oil, and fats. MCTs
produce more ketones per kilocalorie of energy than long-chain
triglycerides, thus being more ketogenic.® Rodent studies have re-
ported that chronic administration of a KD or a diet containing a
ketone ester reduces anxiety-like and depression-related behaviors
and improves cognitive functions.®? Acute injection of fatty acids,
including one of the medium-chain fatty acids, lauric acid (dodeca-
noic acid; C12), is suggested to contribute to a decrease in anxiety-
like behavior.2® Chronic administration of coconut oil or MCT diet
has also been reported to decrease anxiety-like behaviorsin rats. 112
These findings suggest that acute and chronic administrations of
MCTs have anxiolytic and antidepressant effects. MCTs are com-
posed of fatty acid esters of glycerol with 6-12 carbons arranged in
a straight chain, such as caprylic acid (also known as octanoic acid;
C8), capric acid (decanoic acid; C10), and lauric acid. However, the
effects of each medium-chain fatty acid on behavior remain to be
determined.

In this study, we investigated the acute and chronic effects of
oral administration of capric acid (C10) at different doses on loco-
motor activity, anxiety-like behavior, and depression-related be-
havior in adult male C57BL/6J mice. In Experiment 1, to examine
acute behavioral effects of C10, mice were subjected to a battery
of behavioral tests in the following order: the light/dark transition
test, open field test, elevated plus maze test, Porsolt forced swim
test, and tail suspension test, 30 minutes after oral administration
of C10 at the dose of 30 mmol/kg, which is reported to have anti-
convulsant effects.’® In Experiment 2, acute behavioral effects of
C10 were further explored when C10 was administered at the lower
doses (0.1-3.0 mmol/kg). Finally, in Experiment 3, to examine behav-
ioral effects of repeated administration of C10 at the lower doses

(0.3 and 3.0 mmol/kg), mice were administered with C10 once a day
for 3 weeks and were subjected to behavioral tests without C10
administration immediately before the tests. Fatty acids are rapidly
metabolized to ketone bodies, such as beta-hydroxybutyrate (BHB),
which have been suggested to regulate anxiety-like and depression-
related behaviors.'**® Thus, plasma BHB levels were measured from
blood samples collected 30 minutes after oral gavage of C10 and
were also analyzed approximately 24 hours after the last oral ad-
ministration of C10 in Experiment 3 to examine the involvement of
possible changes in ketone levels after C10 administration in the reg-
ulation of behaviors.

2 | MATERIALS AND METHODS

2.1 | Animals

Male C57BL/6J mice at 7 weeks old were purchased from Charles
River Laboratories Japan, Inc. After arrival to our animal facil-
ity, mice were group-housed (four per cage) in plastic cages
(250 x 182 x 139 mm) with paper chips for bedding (Paper Clean;
Japan SLC, Inc, Shizuoka, Japan). Rooms were maintained under a
12 hours light/dark cycle (lights on at 7:00 AM) at 23 + 2°C. Animals
had free access to food (CRF-1; Oriental Yeast Co., Ltd., Tokyo,
Japan) and filtered water throughout the experiments. All experi-
mental procedures started 2 weeks or more after the arrival. All the
procedures were approved by the Institutional Animal Care and Use
Committee of Fujita Health University.

2.2 | Oral administration

Capric acid (C10; C10H2002, FW 172.26 g/mol; decanoic acid-
natural, >98%, food-grade: Sigma-Aldrich Co, St Louis, MO, USA)
was dissolved in vehicle (0.5% methylcellulose 400 centipoise;
Sigma-Aldrich Co, St Louis, MO, USA). All mice were weighed im-
mediately before oral administration. In Experiment 1, 24 mice
were divided into the vehicle- and C10-treated groups (n = 12, each
group). Mice of the C10-treated group were orally administered with
C10 (30 mmol/10 ml in the vehicle) at the dose of 30 mmol/kg body
weight. Mice of the vehicle-treated group were orally administered
with the vehicle at a volume of 10 ml/kg. Mice were subjected to
behavioral tests 30 minutes after administration on each test day
as described below (see Figure 1A). The pretreatment time (30 min-
utes) was determined according to the previous study reporting a
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maximal anticonvulsant efficacy of C10 in the pilot experiments.'® In

Experiment 2, 108 mice were divided into five groups: vehicle- and
C10(0.1, 0.3, 1.0, and 3.0 mmol/kg)-treated groups (n = 21-22, each
group). Mice were subjected to a series of behavioral tests approxi-
mately 30 minutes after oral administration in the same manner as
Experiment 1 (see Figure 2A). In Experiment 3, 48 mice were divided
into three groups: vehicle- and C10 (0.3 and 3.0 mmol/kg)-treated
groups (n = 16, each group). Animals were orally administered once
a day with either vehicle or 0.3 mmol/kg of C10 or 3.0 mmol/kg of
C10 for 21 days and were subjected to behavioral tests after the
21 days treatment (see Figure 3A). In Experiment 3, mice were ad-
ministered with vehicle or C10 solution after the behavioral test on
each test day.

2.3 | Behavioral test

Mice were subjected to a battery of behavioral tests performed in
the following order: light/dark transition test (LD), open field test
(OF), elevated plus maze test (EP), Porsolt forced swim test (PS;
one trial per day, for two consecutive days), and tail suspension test
(TS) with at least 1 day between tests, as previously described.®”
After each test, apparatuses were cleaned with hypochlorous acid
water to prevent bias based on olfactory cues. The tests were per-
formed between 9:00 AM and 5:00 PM In Experiment 1, three
C10-treated mice were excluded from the analysis of the forced
swim test due to death after the test, and two C10-treated mice
were further excluded from the analysis of the tail suspension
test because of death before the test (n = 1) and due to a techni-
cal problem of the test (n = 1; one mouse climbed the tail; see'®).
In Experiment 2, in the tail suspension test, the behavioral data
of two mice were lost due to a technical problem related to the
limitation of data storage of a computer with a behavior analyzing
system (Veh, n = 1; 0.1 mmol/kg, n = 1), and data of one mouse
(0.3 mmol/kg, n = 1) was also excluded from the analysis because
of falling off the apparatus. In Experiment 3, two mice treated
with C10 at 3.0 mmol/kg dose died during the 21 days treatment.
Additionally, one mouse treated with C10 at 3.0 mmol/kg dose
was excluded from the analysis of the forced swim test due to
death after the test, and one mouse treated with C10 at 0.3 mmol/
kg dose was excluded from the analysis of the tail suspension test
because it climbed the tail during the test.

2.3.1 | Light/dark transition test

The light/dark transition test, originally developed by Crawley
and colleagues,19 was performed to assess anxiety-like behav-
jor as previously described.’® The apparatus consisted of a cage
(21 x 42 x 25 cm) divided into two sections of equal size by a partition
with a door (O’Hara & Co., Tokyo, Japan). One chamber consisted of
white plastic walls and was brightly illuminated (390 lux) by lights
attached above the ceiling of the chamber. The other chamber had

REPORTS

black plastic walls and was dark (2 lux). Both chambers had a white
plastic floor. Mice were placed into the dark chamber and allowed
to move freely between the two chambers for 10 minutes with the
door open. The distance traveled (cm), total number of transitions,
latency to first enter the light chamber (sec), and time spent in the
light chamber (sec) were recorded automatically using the ImagelLD

program (see “Image analysis”).

2.3.2 | Open field test

The open field test was performed to assess locomotor activity
and anxiety-like behavior?® in the open field apparatus with the
VersaMax Animal Activity Monitoring System (40 x 40 x 30 cm;
Accuscan Instruments, Columbus, OH, USA), in which the center
area was illuminated to 100 lux by lights attached above the ceiling.
The center area was defined as a 20 cm x 20 cm area. Each mouse
was placed in one corner of an open field. The total distance traveled
(cm), vertical activity (measured by counting the number of photo-
beam interruptions), time spent in the center area (sec), and stereo-
typic counts (beam-break counts for stereotyped behaviors), were
automatically recorded using the activity monitoring system for the
entire 30 minutes period after mice were placed in the apparatus.
The behavioral data were analyzed in 5 minutes blocks.

2.3.3 | Elevated plus maze test

The elevated plus maze test, widely used to assess anxiety-like be-
havior,?* was performed as previously described.?? The apparatus
consisted of two open arms (25 x 5 cm) and two enclosed arms of
the same size with 15 cm-high transparent walls and a central square
(5 x 5 cm) connecting the arms (O'Hara & Co., Tokyo, Japan). The
floors of arms and central square were made of white plastic plates
and were elevated to a height of 55 cm above the floor. To prevent
mice from falling off the open arms, those arms were surrounded
by a raised ledge (3 mm thick and 3 mm high, transparent plastic).
Arms of the same type were located opposite one another. The il-
lumination level of the central area was 100 lux. Each mouse was
placed in the central square of the maze facing one of the closed
arms. The number of arm entries, distance traveled (cm), percentage
of entries into open arms, and percentage of time spent in open arms
were measured during a 10 minutes test period. Data acquisition and

analysis were performed automatically using the ImageEP program.

2.3.4 | Porsolt forced swim test

The Porsolt forced swim test, originally developed by Porsolt and
colleagues,?® was performed to assess depression-related behav-
ior. A Plexiglas cylinder (20 cm height x 10 cm diameter, O'Hara &
Co., Tokyo, Japan), filled with water (approximately 21-23°C) up to a
height of 8 cm, was placed into a test chamber with a video camera
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mounted on the ceiling (49 cm height x 44 cm length x 32 cm width,
inside dimensions; O'Hara & Co., Tokyo, Japan). Each mouse was
placed into the cylinder for 10 minutes per day for two consecu-
tive days. Images were captured at two frames per sec through the
video camera. The amount of area (pixels) that the mouse moved
was calculated for each pair of successive frames. When the amount
of area was below a certain threshold, mouse behavior was judged
as "immobile." When the amount of area equaled or exceeded the
threshold, the mouse was considered "mobile." The optimal thresh-
old was determined by adjusting it based on the amount of immobil-
ity measured by human observation. Immobility lasting for less than
2 seconds. was not included in the analysis. Data acquisition and
analysis for the percentage of immobility time and distance traveled

(cm) were automatically performed by the ImagePS program.

2.3.5 | Tail suspension test

The tail suspension test, which was developed by Steru et al,?* was
used to evaluate depression-related behavior, as previously de-
scribed.*® Mice were suspended 30 cm above the floor in a visu-
ally isolated area by adhesive tape placed approximately 1 cm from
the tip of the tail in a white plastic chamber with a video camera
mounted on the sidewall (44 cm height x 49 c¢cm length x 32 cm
width, inside dimensions; O'Hara & Co., Tokyo, Japan). The behavior
was recorded for 10 minutes. Images were captured at two frames
per second through the video camera. The immobility of each mouse

was judged according to a certain threshold using ImagePS program.

2.3.6 | Image analysis

Image analysis programs (ImageLD/EP/PS) were used to analyze
mouse behaviors automatically in the light/dark transition, elevated
plus maze, Porsolt forced swim, and tail suspension tests. These
programs, based on the public domain ImageJ program (developed
by Wayne Rasband at the National Institute of Mental Health,
Bethesda), were developed and modified for each test by Tsuyoshi
Miyakawa. The ImagelLD program can be freely downloaded from
the “Mouse Phenotype Database” (http://www.mouse-phenotype.
org/).

2.4 | Measurement of plasma BHB levels

Blood was taken from the facial vein or submandibular vein using
Goldenrod Animal Lancet (MEDIpoint, Inc, NY, USA) 30 minutes
after oral injection of vehicle or C10 (0.3, 3.0, or 30 mmol/kg) in
mice, which were experimentally naive before the oral gavage (Veh,
n = 5; 0.3 mmol/kg, n = 6; 3.0 mmol/kg, n = 6; 30 mmol/kg, n = 6).
Additionally, trunk blood was collected from three groups of mice
used in Experiment 3 (Veh, n = 16; 0.3 mmol/kg, n = 16; 3.0 mmol/
kg, n = 13) approximately 24 hours after the tail suspension test

followed by the last oral administration (1 day after the 28 days
treatment of C10). Blood samples were placed in tubes containing
sodium heparin (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan)
and centrifuged at 3000 g for 10 minutes at 4°C. Supernatants were
collected and stored at -80°C until measurement. Plasma BHB lev-
els were determined using the Wako Autokit 3-HB (FUJIFILM Wako
Pure Chemical Corp., Osaka, Japan) according to the manufacturer's

instructions.

2.5 | Statistical analysis

Statistical analyses were performed using SAS University Edition
(SAS Institute, Cary, NC, USA). Behavioral data were analyzed
using unpaired t-test, one-way ANOVA with treatment with vehicle
and C10 as a between-subjects variable, and two-way repeated-
measures ANOVA with treatment as a between-subjects variable
and time as a within-subject variable. In addition, the percentage
of body weight gain (= 100 x (body weight at each treatment day/
body weight at the first treatment day) was analyzed by two-way
repeated-measures ANOVA with treatment as a between-subjects
variable and with time as a within-subject variable. Statistical
analysis for plasma BHB levels was performed by one-way ANOVA
with treatment as a between-subjects variable. We defined “study-
wide significance” as statistical significance that survived the
Benjamini-Hochberg false discovery rate (FDR) correction for
controlling for multiple hypothesis testing based on the number of
behavioral measures of the test battery.zs'26 “Nominal significance”
was defined as having achieved statistical significance without the
FDR correction (uncorrected P < 0.05). The ANOVA results in
Experiments 1-3 were summarized in Table S1-S3. Post hoc mul-
tiple comparisons were further performed using Fisher's LSD with
Bonferroni correction for multiple comparisons. All of the P-values
are presented as unadjusted values. Values in graphs are expressed
as the mean + SEM.

3 | RESULTS

3.1 | Acute effects of oral high-dose C10
administration on behavior

In Experiment 1 (Figure 1A), in the light/dark transition test, the
mice treated with C10 at the dose of 30 mmol/kg traveled signifi-
cantly shorter distances in the light and dark chambers (Figure 1B),
spent less time in the light chamber (Figure 1C) and showed fewer
transitions between the chambers (Figure 1D), than vehicle-treated
mice (all, P < 0.05; Table S1). Similar findings were obtained in
the open field and elevated plus maze tests: a shorter distance
traveled (Figure 1E), smaller number of vertical counts (Figure
S1B), and fewer stereotypic counts (Figure S1C) in the open field
test were observed in C10-treated mice than in vehicle-treated
mice (all, P < 0.05; Table S1), although the group difference was
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not found in the center time, which has been used as an index of during the second minute of the test period and then showed more
anxiety-like behavior (Figure 1F). In the elevated plus maze test, immobility during the tenth minute compared to vehicle-treated
shorter distance traveled (Figure S1D), fewer number of arm en- mice (Figure 1K; P < 0.05, for each of the respective time points).
tries (Figure 1G), and lower percentages of open arm entries and There were no significant main effects of treatment and no signifi-
open arm time (Figure 1H,l) were also found in C10-treated mice cant treatment x time interactions on immobility on day 1 in the

(all, P < 0.05; Table S1). There was no significant effect of treat- forced swim test (Figure 1J), distance traveled on day 1 (Figure S1E)
ment on the latency to enter the light chamber (Figure S1A). In the and day 2 (Figure S1F), and immobility in the tail suspension test

Porsolt forced swim test, there was a significant treatment x time (Figure 1L). These observations indicate that administration of C10
interaction on immobility on test day 2 (Table S1), and post hoc at the 30 mmol/kg dose causes deceased locomotor activity and
analysis revealed that C10-treated mice exhibited lower immobility increased anxiety-like behavior.
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FIGURE 1 Acute effects of oral administration of CA10 at a high dose on behaviors in male C57BL/6J mice in Experiment 1. (A)
Schematic diagram of experimental procedures in Experiment 1. (B-D) Light/dark transition test: (B) distance traveled (cm) in the light (right)
and dark (left) chambers, (C) time spent in the light chamber (sec), and (D) number of transitions. (E-F) Open field test: (E) distance traveled
(cm) and (F) center time (sec) during six blocks of 5 min. (G-I) Elevated plus maze test: (G) number of total arm entries, (H) percentage of open
arm entries (%), and (I) percentage of time spent in open arms (%). (J-K) Porsolt forced swim test: percentage of immobility time (%) for ten

1 min blocks of the test session on test day 1 (J) and on test day 2 (K). (L) Percentage of immobility time (%) in the tail suspension test. Values
are means + SEM. Statistical analysis was performed by unpaired t-test or two-way repeated measures ANOVA, and the P values for main
effects and interactions are shown
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3.2 | Acute effects of oral low-dose C10 longer distances than vehicle-treated mice during the first, fourth,
administration on behavior or sixth blocks of 5 minutes (0.1 mmol/kg > Veh during the fourth

block, P = 0.0229; 0.3 mmol/kg > Veh during the first, fourth, and
In Experiment 2 (Figure 2A), there was a nominally significant main sixth blocks, P = 0.0002, P = 0.0008, and P = 0.0001, respectively;

effect of treatment and a nominally significant treatment x time 1.0 mmol/kg > Veh during the fourth and sixth blocks, P = 0.0094
interaction on distance traveled in the open field test (Figure 2E; and P=0.0052, respectively). There were no significant main effects
Table S2). In the open field test, post hoc analysis revealed that of treatment or treatment x time interactions on the other behavio-

mice administered with C10 at doses of 0.1-1.0 mmol/kg traveled ral measures (Figure 2B-D, Figure 2F-I, and Figure S2A-F; Table S2).
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FIGURE 2 Acute effects of oral administration of CA10 at low doses on behaviors in male C57BL/6J mice in Experiment 2. (A) Schematic
diagram of experimental procedures in Experiment 2. (B-D) Light/dark transition test: (B) distance traveled (cm) in the light (right) and dark
(left) chambers, (C) time spent in the light chamber (sec), and (D) number of transitions. (E-F) Open field test: (E) distance traveled (cm) and
(F) center time (sec) during six blocks of 5 min. (G-1) Elevated plus maze test: (G) number of total arm entries, (H) percentage of open arm
entries (%), and (I) percentage of time spent in open arms (%). (J-K) Porsolt forced swim test: percentage of immobility time (%) for ten 1 min
blocks of the test session on test day 1 (J) and on test day 2 (K). (L) Percentage of immobility time (%) in the tail suspension test. Values are
means + SEM. Statistical analysis was performed by one-way ANOVA or two-way repeated measures ANOVA, and the P values for main
effects and interactions are shown
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3.3 | Chronic effects of repeated oral 3.4 | Effects of oral C10 administration on
administration of low-dose C10 on behavior body weights
In Experiment 3 (Figure 3A), there was a nominally significant main ef- In Experiments 1-3, the body weights of each mouse were measured
fect of treatment on immobility in the tail suspension test (Figure 3L; immediately before oral administration of C10 solution or vehicle.
Table S3). Post hoc analysis revealed that mice administered with A significant main effect of treatment and a significant treatment
C10 at the dose of 3.0 mmol/kg spent less time in immobility than X time interaction on body weights were found in Experiment 1
vehicle-treated mice (P = 0.0065). There were no significant main (Figure S4A: treatment effect, F1,17 =52.63, P <0.0001; time effect,
effects of treatment or treatment x time interactions on the other F5,85 =16.07,P <0.0001; treatment x time interaction, F5,85 =12.74,
behavioral measures (Figure 3B-K and Figure S3A-F; Table S3). P <0.0001). Body weights of mice administered with C10 at the dose
[ Veh (n = 16)
Experiment 3: Chronic effects of low-dose C10 Light/dark transition test [ 0.3 mmol/kg (n = 16)
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FIGURE 3 Chronic effects of repeated oral administration of CA10 on behaviors in male C57BL/6J mice in Experiment 3. (A) Schematic
diagram of experimental procedures in Experiment 3. (B-D) Light/dark transition test: (B) distance traveled (cm) in the light (right) and dark
(left) chambers, (C) time spent in the light chamber (sec), and (D) number of transitions. (E-F) Open field test: (E) distance traveled (cm) and
(F) center time (sec) during six blocks of 5 min. (G-I) Elevated plus maze test: (G) number of total arm entries, (H) percentage of open arm
entries (%), and (I) percentage of time spent in open arms (%). (J-K) Porsolt forced swim test: percentage of immobility time (%) for ten 1 min
blocks of the test session on test day 1 (J) and on test day 2 (K). (L) Percentage of immobility time (%) in the tail suspension test. Values are
means + SEM. Statistical analysis was performed by one-way ANOVA or two-way repeated measures ANOVA, and the P values for main
effects and interactions are shown
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of 30 mmol/kg were significantly lower than vehicle-administered
mice from one day after the first administration day to the day of
the tail suspension test (Figure S4A). In Experiment 2, there was no
significant main effect of treatment and no significant treatment
x time interaction on body weights (Figure S4B: treatment effect,
F4100=0.47, P = 0.7594; time effect, F; 5o, = 7.44, P <0.0001; treat-
ment X time interaction, on,soo = 0.59, P = 0.9208). In Experiment
3, a significant treatment x time interaction on body weights was
found (Figure S4C: treatment effect, F2’41 = 2.56, P =0.0893; time
effect, Fy 1066 = 8.64, P < 0.0001; treatment x time interaction,
Fs2 1066 = 2.38, P < 0.0001). There were significant simple main ef-
fects of treatment on body weights on days 12-15 and 18-20 and
on test days of the first and second forced swim tests and tail sus-
pension test (all, P < 0.05): body weights of mice administered with
C10 at the dose of 3.0 mmol/kg were significantly lower than mice
administered with vehicle and C10 at dose of 0.3 mmol/kg (on all the
days, 3.0 mmol/kg < Veh, all P < 0.05; on days 18 and 19 and the last
3 days of behavioral tests, 3.0 mmol/kg < 0.3 mmol/kg, all P < 0.05).

3.5 | Acute and chronic effects of oral C10
administration on plasma BHB levels

There was a significant effect of treatment on BHB levels in plasma
collected 30 minutes after oral administration of C10 (Figure S5A,
F3119 = 9.22, P = 0.0006). Plasma BHB levels were higher in mice
treated with 30 mmol/kg dose of C10 than the other groups treated
with vehicle, 0.3 mmol/kg C10, and 3.0 mmol/kg C10 (all, P = 0.001),
and no significant differences in BHB levels were found between the
three groups except for 30 mmol/kg dose group. There was no sig-
nificant effect of treatment on plasma BHB levels in groups of mice
repeatedly administered vehicle, 0.3 mmol/kg C10, or 3.0 mmol/kg
C10 (Figure S5B; F, 4, = 0.53, P = 0.5937).

4 | DISCUSSION

The present study showed that acute administration of capric acid
(C10) at the high dose of 30 mmol/kg decreased distance traveled
and increased anxiety-like behaviors in the open field, light/dark
transition, and elevated plus maze tests. In contrast, acute CA10
administration at the lower doses of 0.1-1.0 mmol/kg increased dis-
tance traveled in the open field test. These results suggest dose-
dependent effects of C10 on locomotor activity and anxiety-like
behavior in adult male C57BL/6J mice. This study also showed that
repeated administration of C10 at the dose of 3.0 mmol/kg slightly
decreased immobility in the tail suspension test, while it had no
significant effects on locomotor activity and anxiety-like behavior,
suggesting that chronic treatment with C10 may potentially have an
antidepressant effect. However, none of the chronic effects of C10
reached the study-wide statistical significance, and further study
will be needed to confirm the findings of antidepressant effect. It
has been recently reported that chronic treatment with a KD and

MCT diet induced decreased anxiety- and depression-like behaviors
in rodents.®?111227 Qur study suggests that C10 is one of the fatty
acids partially contributing to the antidepressant-like effects.
Ketogenic diet has been used to induce decreased seizure fre-
quency in epileptic patients.?® A rodent study revealed that C10
showed anticonvulsant properties by increasing seizure thresholds
when it was orally administered at the doses of 10 and 30 mmol/
kg but not at 1 and 3 mmol/kg doses,*® which implied that C10
could suppress excessive synchronization of neuronal activity in the
brain. A high-dose administration of anticonvulsant drugs, such as
valproic acid that is a branched short-chain fatty acid, is reported

28.29 and increase immobility in the

to decrease locomotor activity
forced swim test.3%! Similarly, C10 administration at the high dose
of 30 mmol/kg reduced the distance traveled in some behavioral
tests in Experiment 1 of the present study. Thus, the C10-inhibitory
properties of brain neuronal activity might be related to the hypo-
locomotor activity in C10-treated mice. Given that the median toxic
dose (TD50) value of C10 for an impaired motor function was esti-
mated to be 101.4 mmol/kg and C10 administration at 1-50 mmol/
kg dose had no significant effects on the grip strength in mice,*® it
seems unlikely that the decreased distance traveled after C10 ad-
ministration at the 30 mmol/kg dose is due to reductions in motor
function and muscle strength.

The open field test has been widely used for assessing anxiety-
like behavior, locomotor activity, and exploratory behavior and for
screening anxiolytic drugs.?’ Some researchers have interpreted
high activity as an index of low emotionality or an indicator of high
exploratory behavior.?? In this study, in contrast to the sedative ef-
fects of acute high-dose C10, a lower-dose (0.1-1.0 mmol/kg) admin-
istration of C10 slightly increased distance traveled in the open field
test. The increased locomotor activity might reflect attenuation of
anxiety and/or disinhibition of exploratory behavior suppressed by
exposure to a novel environment. It should be noted that the results
did not reach study-wide statistical significance. Additionally, such
behavioral effects of C10 were not found in the light/dark transition
test and elevated plus maze test. Further examinations will be re-
quired to assess anxiety-like behavior under various test situations
in C10-treated mice for evaluating its potential anxiolytic effects.

Any significant behavioral effects of acute low-dose C10 ad-
ministration were not observed in the forced swim and tail suspen-
sion tests, widely used for screening antidepressant drugs.?2433
Although the mice administered with C10 at the high dose of
30 mmol/kg also exhibited no significant differences in immobility
from vehicle-treated mice on the first trial of the forced swim test
and in the tail suspension test, they showed lower immobility during
the early test period and then higher immobility during the last
test period in the second trial of the forced swim test than vehicle-
treated mice. One interpretation is that the reduced immobility sug-
gests the antidepressant effect of high-dose C10 administration,
and the increased immobility during the last test period might be
due to the hypolocomotor activity, fatigue, or possibly adaptive re-
sponse without the energy expenditure required in swimming,34 in
high-dose C10-treated mice.
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Repeated C10 administration for more than 3 weeks at rela-
tively low doses of 0.3 and 3.0 mmol/kg, without administration
immediately before behavioral tests, had no significant effects
on locomotor activity and anxiety-like behavior. Considering the
findings of the acute behavioral effects of C10, these results sug-
gest that low-dose C10 administration has no long-lasting and no
cumulative effects of repeated exposure to C10 on locomotor ac-
tivity and anxiety-like behavior. Interestingly, there were no be-
havioral effects of repeated C10 administration in the forced swim
test, seemingly consistent with the findings of previous studies
in rats treated with MCT for 2 weeks'? and in mice treated with
KD for 3 months,®> while some studies have reported a decreased
immobility after 7 days treatment with KD?’ and prenatal expo-
sure to KD.? Oral gavage administration used in this study could be
more stressful than ad libitum dietary intake. Such an administra-
tion method might have masked some behavioral effects of C10.
However, our results showing decreased immobility in mice repeat-
edly administered with C10 in the tail suspension test suggest that
chronic exposure to C10 may have a certain type of antidepressant
effect, although effects of MCTs including C10 may not be detect-
able in the forced swim test.

Unfortunately, in the present study, oral C10 administration at
30 mmol/kg dose led to death in four mice. In addition, the mice ad-
ministered with C10 at the highest dose showed marked decreases
in body weights 1 day after administration. These results suggest
that there could be some toxic effects of high-dose C10. Such ad-
verse effects on body weights and behaviors might be partially due
to increased plasma BHB levels or a ketosis state induced by high-
dose C10 administration. In people with epilepsy, the most com-
monly reported adverse effects of KD/MCT diet treatment were
vomiting, constipation, and diarrhea in addition to gastrointestinal
disturbances and body weight loss.3® We did not examine the oc-
currence of vomiting, diarrhea, and gastrointestinal disturbances in
C10-treated mice, and thus it is important to analyze the digestive
issues or appetite loss in a future study to understand the potential
adverse effects of C10 in mice. On the other hand, mice acutely ex-
posed to C10 at 0.1-3.0 mmol/kg dose appeared normal and showed
no significant changes in their body weights. Repeated exposure to
C10 at 3.0 mmol/kg dose induced a significant but slight decrease
in body weights after 2 weeks administration, seemingly consistent
with the findings of some previous studies of chronic treatment with
KD or MCT diet.8%7%? Since all mice used in our study had free ac-
cess to a standard diet without any dietary restriction, the present
findings suggest that supplementary administration of C10 with a
standard diet is sufficient to reduce body weights. In this study, how-
ever, we did not measure food intake in each group of mice, and thus
we cannot exclude the possibility that the decreased body weights
of C10-treated groups might be due to changes of food intake.

The action mechanisms of anxiolytic- and antidepressant-like ef-
fects of KD and MCTs, including C10 and other medium-chain fatty
acids, remain to be explored. The BHB is one of the ketone bodies
converted from fats and fatty acids. It has been recently reported
that BHB induces BDNF expression in cortical neurons,*® inhibits

REPORTS

hippocampal neuroinflammation,** and has an antidepressant-like
behavioral effect.!*!* In this study, acute injection of low-dose C10
produced no significant differences in plasma BHB levels between
treatment groups. Our results showed that the acute behavioral ef-
fects of low-dose C10 were not associated with plasma BHB levels.
In addition, BHB levels did not differ among groups of mice repeat-
edly administered with low-dose C10 or vehicle for 4 weeks, when
BHB were measured in plasma samples collected 24 hours after
the last administration. These results also suggest that the behav-
ioral effects of repeated C10 administrations may not be explained
by plasma BHB levels during behavioral tests. However, since our
study did not measure BHB at different time points after repeated
C10 administrations, it does not exclude the possibility that some
changes in BHB levels after injections might have contributed to
the behavioral effects of C10. C10 is easily transported to the brain
across the blood-brain barrier.'®*! C10 stimulates glycolysis to pro-
duce lactate via mitochondria, which is considered an energy source
for brain cells.*? Lactate has been reported to promote panic-like

r.esponses43,44 45,46

or exert anxiolytic and antidepressant effects.
We recently showed increased lactate levels in the brain in various
mouse models of neuropsychiatric disorders, including anxiety and

depression models, 48

although it remains unknown whether the
increased brain lactate is a pathogenic phenomenon or compensa-
tory response. We hypothesize that some of the mouse models show
a shared phenotype of brain hyperexcitability and altered energy

metabolism,*8>!

as proposed to be essential features in some brain
regions in neuropsychiatric disorders.”?>* KD and C10 are reported
to contribute to the inhibition of excitatory neurotransmission via

4655 \which may be one of the

glutamatergic and GABAergic systems,
potential mechanisms underlying the anxiolytic- and antidepressant-
like effects. One of the limitations of this study is that C10 and
ketone bodies in the brain were not measured. Therefore, it is un-
known whether oral C10 administration increased brain C10 and
ketone bodies and whether such increases in the brain, if any, could
directly or indirectly exert antidepressant effects. Another limita-
tion was the use of normal mice. This study did not investigate the
potential therapeutic effects of C10 using animal models for study-
ing anxiety and depression. Thus, it is necessary to further study the
action mechanisms of C10 and to verify whether C10 can attenuate
increased anxiety- and depression-related behaviors in animal mod-
els of anxiety and depression.

In conclusion, the present study demonstrated that acute oral
administration of a high-dose C10 markedly decreased locomo-
tor activity and increased anxiety-like behaviors in adult male
C57BL/6J mice, possibly due to its adverse effects on physio-
logical functions. Additionally, acute low-dose administration of
C10 induced a slight increase in locomotor activity. This study
also showed that a low-dose, long-term oral administration of
C10 caused a decrease in depression-related behavior assessed
in the tail suspension test. However, any of the results of acute
and chronic effects of low-dose C10 administration failed to reach
study-wide statistical significance. Taken together, these findings
suggest that further study will be needed to replicate the results,
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and capric acid, which may have some antidepressant properties,
holds therapeutic potential for the treatment of neuropsychiatric

disorders.
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