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Extracellular Vesicles Derived from Lactobacillus
plantarum Increase BDNF Expression in
Cultured Hippocampal Neurons and Produce
Antidepressant-like Effects in Mice
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Gut microbiota play a role in regulating mental disorders, but the mechanism by which gut microbiota regulate brain function re-
mains unclear. Gram negative and positive gut bacteria release membrane-derived extracellular vesicles (EVs), which function in
microbiota-host intercellular communication. In the present study, we investigated whether Lactobacillus plantarum derived EVs
(L-EVs) could have a role in regulating neuronal function and stress-induced depressive-like behaviors. HT22 cells treated with the
stress hormone glucocorticoid (GC; corticosterone) had reduced expression of Bdnf and Sirt], whereas L-EV treatment reversed
GC-induced decreased expression of Bdnf and Sirt]. The siRNA-mediated knockdown of Sirt! in HT22 cells decreased Bdnf4, a
splicing variant of Bdnf, and Creb expression, suggesting that Sirtl plays a role in L-EV-induced increase of BDNF and CREB ex-
pression. Mice exposed to restraint for 2-h daily for 14 days (CRST) exhibited depressive-like behaviors, and these CRST-treated
mice had reduced expression of Bdnf and Nt4/5 in the hippocampus. In contrast, L-EV injection prior to each restraint treatment
blocked the reduced expression of Bdnf and Nt4/5, and stress-induced depressive-like behaviors. Furthermore, L-EV treatment in
CRST-treated mice also rescued the reduced expression of Bdnf, and blocked stress-induced depressive-like behaviors. These results
suggest that Lactobacillus derived EVs can change the expression of neurotropic factors in the hippocampus and afford antidepres-
sant-like effects in mice with stress-induced depression.
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INTRODUCTION 2]. Recent studies have reported that patients with depression had
reduced composition of Bacteroidetes, Bifidobacterium and Lac-

Gut microbiota have an influence on cognition and behavior [1,  tobacillus in the gut microbial flora [3-5]. Supplement of probiotic
capsules containing Lactobacillus acidophilus, Lactobacillus casei,

and Bifidobacterium bifidum for 8 weeks in depression patients
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beneficial effects of Lactobacillus on brain function. Supplement
of Lactobacillus rhamnosus in mice displaying stress-induced
depressive symptoms produced antidepressant effects and re-
duced the level of stress-induced increased corticosterone levels
[8, 9]. Ingestion of Lactobacillus helveticus in rats with chronic
restraint stress improved anhedonia and suppressed anxiety [10].
The level of Lactobacillus in fecal samples of mice was correlated
with stress-induced depressive-like behavior, whereas depressive-
like symptoms were ameliorated by treatment with its metabolite,
kynurenine [11]. Collectively, these studies consistently support
the notion that various strains of Lactobacillus produce beneficial
effects on depressive symptoms of depression patients or stress-
induced depressive-like behaviors in animal models.

Several studies have attempted to explore the mechanisms of
how gut microbiota influence brain function. Gut microbiota ap-
pear to maintain host homeostasis by communicating directly
and indirectly with the nerve system [1, 12, 13]. Several underlying
mechanisms have been proposed to explain how gut bacteria af-
fect neural function; (i) bacterial metabolites including short chain
fatty acids, carbohydrates, bile acids [14, 15], and kynurenine [11],
(ii) cytokines such as IL-6, MCP-1, TNFaq, and INFa which were
secreted from monocytes after stimulation with gut microbiota
[16-18], and (iii) bacterial neurometabolites including dopamine,
GABA, tryptophan or 5-HT precursors [19-21]. These products
and metabolites are believed to enter the circulatory system and
affect brain function. In contrast to this view, (iv) retrograde trans-
port of bacterial metabolites directly through the vagus nerves
innervating gut epithelial cells could occur and thereby change
neural function [22-24].

Recent studies demonstrated that gut bacteria release mem-
brane-derived extracellular vesicles (EVs) [25]. EVs carry nucleic
acids, lipids, proteins, and bacterial metabolites, which can aftfect
various cellular pathways in the host [26]. For example, Akker-
mansia muciniphila derived EVs produced protective effects on
LPS-induced intestinal permeability changes through increasing
phosphorylation of AMPK and tight junctions [27] and attenuate
colitis-induced inflammation [28]. EV's carrying capsular polysac-
charide (PSA) derived from Bacteroides fragilis prevented colitis
by enhancing immunomodulatory effects [29]. Thus, EV's derived
from specific strains of bacteria could function as novel mecha-
nisms mediating physiological effects of the microbiota on the
host. However, it is unknown whether bacteria-derived EVs can
directly affect brain function.

Lactobacillus plantarum is a gram-positive bacterium that is
present in dairy, fermented vegetables, and the gastrointestinal
tract [30, 31]. L. plantarum is known to function as an immu-

nomodulator on human colon cancer cells [32]. Recent studies
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have reported the beneficial protection of L. plantarum on stress-
induced behavior dysfunction. Administration of living or dead L.
plantarum improved cognitive deficits against aluminum-induced
brain and liver injuries in mice [33] and attenuated anxiety be-
havior of stressed zebrafish [34]. Administration of L. plantarum
MTCC 9510 reduced oxidative stress markers and inflammatory
cytokines in the brain and serum and improved stress-induced
behavioral despair [35].

In this study, we investigated whether EV's produced by L. plan-
tarum could induce changes in the expression of BDNF and im-

prove stress-induced depressive-like behaviors.
MATERIALS AND METHODS

Preparation of EVs from Lactobacillus plantarum

Bacterial culture and EV isolation were carried out as described
previously [36]. Lactobacillus plantarum (KCTC 11401BP, Gen-
Bank accession No. GQ336971) was cultured in MRS broth (MB
Cell, CA, USA) for 18 h at 37T with gently shaking (150 rpm).
When the optical density of the culture reached 1.0 at 600 nm,
bacteria were pelleted at 10,000 xg for 20 min and the superna-
tant was passed through a 0.22-um bottle-top filter (Corning, NY,
USA) to remove remaining cells. The filtrate was concentrated
through a MasterFlex pump system (Cole-Parmer, IL, USA) using
a 100 KDa Pellicon 2 Cassette filter membrane (Merck Millipore,
MA, USA) and subsequently passed through a 0.22-um bottle-top
filter (Corning, NY, USA). The extracellular vesicles were obtained
by ultracentrifugation at 150,000 xg for 3 h at 4T . Protein concen-
tration was measured with BCA assay (Thermo Fisher Scientific,
MA, USA) and the collected EV fractions were stored at —80TC
until use. The size of purified L-EVs was in the range of 20~100

nm in diameter, which was described recently [36].

HT22 cell culture and L. plantarum-EVs (L-EVs) treatment

HT22 cells were cultured as described previously [37, 38]. In
brief, HT22 cells were grown in Dulbeccos modified Eagles me-
dium (DMEM; LM001-05, Welgene, Gyeongan-si, Korea) con-
taining 10% heat-inactivated fetal bovine serum (FBS; FB02-500,
Serum Source International, Charlotte, NC, USA) and penicillin
(20 units/ml)/ streptomycin (20 mg/ml) (LS020-02, Welgene) at
37C and 5% CO, supply conditions. At 70~80% confluency, HT22
cells were trypsinized and counted using a trypan blue (0.4%)
staining method. They were plated at a density of 1.0x10° cells/
well on a 6-well plate (SPL Life Science, Pocheon-si, Gyeonggi-
do), or 1.0x10° cells on a 100-mm dish in DMEM media supple-
mented with 10% FBS and antibiotics. After 24 h of culture, cells
were treated with glucocorticoid (GC; corticosterone, 400 ng/ml)
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or L-EV (20 pg/ml) in DMEM media supplemented with 1% FBS
for 24 h. The dose of GC and L-EV was chosen based on previous
studies [36,37].

Transfection of siRNA into the HT22 cells was performed as
described previously [37, 39]. HT22 cells were plated at a concen-
tration of 1.0x10° cells/well in DMEM supplemented with 10%
FBS in a 6-well plate (SPL Life Science). After 24 h, the media was
changed with DMEM containing 1% FBS and siRNA was trans-
fected using Lipofectamine-2000 (13778-075; Invitrogen). To pre-
pare the siRNA and Lipofectamine-2000 mixture, 20 uM siRNA
(3 pl; final concentration, 50 pM) and Lipofectamine-2000 (9 pl;
final concentration, 7.5 pl/well) were separately diluted in 150 pl
of Opti-MEM® Medium (31985070, Gibco, Thermo Fisher Scien-
tific, Paisley, Scotland, UK). Each mixture was diluted at 1:1 ratio,
mixed slowly and then incubated for 5 min at room temperature.
The siRNA and Lipofectamine-2000 mixture (250 pl/well) was
carefully dripped onto HT22 cells while culturing in fresh DMEM
containing 1% FBS with or without 20 pg/well of L-EVs. They
were then incubated for 24 h. Sirt1-siRNA was purchased from
Bioneer (#1452517).

Animals, restraint and L-EV treatment

Mice were treated with restraints as described previously [40, 41].
Male C57BL/6] mice (7-weeks old) were purchased from Daehan
BioLink, Inc. (Eumsung, Chungbuk, Korea). Mice were housed in
pairs per cage allowing an ad libitum access to water and food at
a temperature (23T) and humidity (50~60%)-controlled room
under a 12-h light/dark cycle (lights on at 07:00~19:00 h). Animals
were handled in accordance with the animal care guidelines of
Ewha Womans University and restraint treatment procedures in
this study were approved by the Ewha Womans University Animal
Care and Use Committee (IACUC 15-012). To deliver restraint,
mice were placed in a 50-ml polypropylene tube carrying many
punched holes for ventilation and were restrained for 2-h daily for
14 days. Control mice housed in pairs were maintained in home
cages without disturbance.

L-EVs were administrated in mice in the following ways. L-EV's
at a dose of 0.1 pg/kg each diluted in saline were intraperitone-
ally injected into a mouse at a volume of 100 pl 30 min prior to
restraint treatment and after the 14 days of stress session, the daily
L-EV injection was continued until the behavioral tests were com-
pleted (Exp. 1). L-EV treatment during the post-stress period was
conducted in mice that were exposed to 2hx14d restraint treat-
ment (Exp. 2). For the post-stress period, L-EVs were intraperito-
neally injected at a volume of 100 pl containing increasingly higher
doses; 0.1 pg/kg for the first 5 days, 0.18 ug/kg for the following 2
days, and 0.27 pg/kg for the final 7 days. Imipramine hydrochlo-
160
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ride (IMI; 10899, Sigma) at a dose of 20 mg/kg was intraperitone-
ally injected at a volume of 100 pl for the indicated days.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) analysis was carried out as
described previously [40, 41]. Briefly, hippocampus tissue was ob-
tained and ground using pellet pestles (2359971, Sigma-Aldrich)
in TRI-zol reagent (15596-018, Invitrogen). Harvested HT22 cells
were homogenized with TRI-zol reagent. Total RNA was isolated
from homogenates and eluted in RNase free water (129112, Qia-
gen, Hilden, Germany). Two pg of total RNA was treated with DN-
ase I to remove genomic DNA contamination and then converted
to cDNA using a reverse transcriptase system (Promega, Madison,
WI, USA).

Four pl of 1/8 diluted cDNA, 10 pl of 2X iQTM SYBR Green
Supermix (Bio-Rad Laboratories, Foster City, CA, USA), and 1 pl
each of 5 pmol/pl forward and reverse primers were mixed to a
total volume of 20 pl. The qPCR reaction was carried out using the
CFX 96 Real-Time PCR System Detector (Bio-Rad Laboratories).
The transcript expression levels were normalized relative to Gapdh
and 32 levels.

The primers used in this study were: tBdnf (total form), forward 5-TG-
GCTGACACTTTTGAGCAC-3 and reverse 5-GTTTGCGGCATC-
CAGGTAAT-3’; Bdnf1,forward 5-CCTGCATCTGTTGGGGAGAC-3
and reverse 5-GCCTTGTCCGTGGACGTTTA-3"; Bdnf4,
forward 5-CAGAGCAGCTGCCTTGATGTT-3" and reverse
5-GCCTTGTCCGTGGACGTTTA-3%; Crebl, forward 5 -GAG-
GCAGCAAGAGAATGTCG-3" and reverse 5-CCAGTC-
CATTCTCCACCGTA-3’; Hdac2, forward 5- GGGACAGGCTTG-
GTTGTTTC-3 and reverse 5-GAGCATCAGCAATGGCAAGT-3}
Nt3, forward 5-TACTACGGCAACAGAGACG-3’ and reverse
5-GTTGCCCACATAATCCTCC-3’; Nt4/5, forward 5'-AGC-
GTTGCCTAGGAATACAGC-3 and reverse 5-GGTCAT-
GTTGGATGGGAGGTATC-3; Sirt1, forward 5-GATCCTTCAGT-
GTCATGGTTC-3 and reverse 5-ATGGCAAGTGGCTCATCA-3;
1ikb, forward 5-AAGGACTTTCATCGGGAAGCTG-3 and reverse
5-TCGCCCTCCACACAGACAC-3"; Gapdh, forward 5-AGAAG-
GTGGTGAAGCAGGCATC-3 and reverse 5-CGAAGGTGGAAGA
GTGGGAGTTG-3;L32,forward 5-GCTGCCATCTGTTTTACGG-3
and reverse 5-TGACTGGTGCCTGATGAACT-3.

Western blot analysis

Western blot analysis was carried out as described previously
[40]. HT22 cells were washed with 1X PBS (137 mM NaCl, 2.7
mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,) and harvested.
Harvested HT22 cells or hippocampal tissue was homogenized in
homogenization buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl,
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1% Nonidet P-40, 0.1% SDS, and 0.1% sodium deoxycholate)
containing a protease inhibitor cocktail (Roche) by sonicating on
ice using an Epishear probe sonicator, with two rounds of 15-sec
pulses and 30-sec rest intervals at 40% power outlet (Active Motif).
The supernatant of homogenates was obtained after centrifuga-
tion at 13,000 xg at 4C for 15 min.

The amount of protein was determined by the Bradford method
(500-0006, Bio-Rad Laboratories). Twenty pg of tissue or cell sam-
ple was mixed with 6X gel loading buffer and boiled for 5 min. The
proteins were resolved on SDS-PAGE and transferred onto PVDF
membrane using Trans-Blot” SD semi-dry Electronic transfer
cell and power supply system (1703848, Bio-Rad Laboratories).
The blots were incubated with 5% skim milk or 1% bovine serum
albumin (BSA) in 1X TBST (150 mM NaCl, 50 mM Tris-HCL, pH
7.4,0.1% Tween 20) to block a non-specific binding. Blots were
incubated with a primary antibody in blocking solution followed
by a secondary antibody in 1X TBST. Specific bands were visual-
ized using Enhanced ChemiLuminescence (ECL)TM Western
Blot Analysis System (RPN2109, Amersham, GE Healthcare, UK).
Quantification of blot images was processed using the Image-Pro-
Premier 6.0 software (MediaCybernetics, Rockville, MD, USA).

The primary antibodies used were: anti-proBDNF (ANT-006;
1:1,000, Alomone Labs, Hadassah Ein Kerem, Jerusalem, Israel),
BDNF (ab108319; 1:2,000, Abcam, Cambridge, UK), and anti-p-
actin (sc-47778; 1:1,000, Santa Cruz). The secondary antibodies
used were: anti-mouse IgG-HRP (GTX213111-01; 1:1,000, Gene-
Tex, Irvine, CA, USA) and anti-rabbit I[gG-HRP (GTX213110-01;
1:1,000, GeneTex).

Behavioral tests

The behavioral tests were carried out as described previously [40,
41]. Mice were acclimated in the testing room for at least 30 min
prior to the start of each behavioral test. All behavioral tests were
performed in the light cycle phase (9 a.m.~3 p.m.) and monitored
with a computerized video tracking system (SMART; Panlab S.I.,
Barcelona, Spain) or a webcam recording system (HD Webcam
(210, Logitech, Newark, CA, USA).

Sociability test

The sociability test was performed as described previously [40,
42]. Briefly, the U-shaped two-choice field was prepared by parti-
tioning an open field (40x40 cm®) with a wall (20-cm wide and 20-
cm high). Circular grid cages (12 cm in diameterx33 cm height)
were presented on each side of the U-shaped two-choice field.
For habituation, a subject mouse was allowed to freely explore
the U-shaped two-choice field with empty circular grid cages on

each side for 5 min and returned to the home cage. After 10 min,
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a social target mouse was loaded to a circular grid cage at one side
and the subject mouse was placed in the center of the U-shaped
two-choice field where the subject mouse was able to see both grid
cages. The subject mouse was allowed to explore both fields for 10
min while the trajectory spent in the fields was recorded by a video
tracking system (SMART, Panlab S.1.) The field with a circular grid
cage carrying a social target mouse and the field containing an
empty circular grid cage were defined as the target field and non-
target field, respectively. Social target mice with same age and sex
as the subject mice were prepared. Social targets had never been

exposed to subject mice from the acclimation stage.

Tail suspension test (TST)

The tail suspension test (TST) was carried out as described previ-
ously [40]. Mice were suspended individually by fixing their tails
with adhesive tape to the ceiling of a shelve 50 cm above the bot-
tom floor. The subject mouse was suspended for 6 min and the cu-
mulative immobility time was measured. Behavioral performances
were recorded with a webcam recording system (HD Webcam
(210, Logitech) and subsequently analyzed.

Forced swim test (FST)

The forced swim test was performed as described previously [40].
Mice were placed in a Plexiglas cylinder (15 cm in diameterx27
cm height) holding water at 24C with a depth of 15 cm. Mice were
placed in the cylinder for 6 min and the cumulative immobility
time was measured for the final 5 min. Immobility was defined as
the time when a mouse was floating with all limbs motionless. The
performance during the test was recorded using a webcam record-

ing system and then analyzed.

Statistical analysis

Multiple comparisons were performed by one-way ANOVA fol-
lowed by the Newman-Keuls post hoc test or two-way ANOVA
followed by the Bonferroni post hoc test. All data are represented
as mean+SEM, and statistical significance was accepted at the 5%
level.

RESULTS

Lactobacillus plantarum-derived EVs (L-EVs) increased
the expression of BDNF in HT22 cells

Administration of microbiota products in mice increased BDNF
in hippocampus [13, 43]. Treatment with probiotics mixture in
aged rats increased BDNF levels in the hippocampus [44]. Admin-
istration of a probiotic formulation (Lactobacillus helveticus and
Bifidobacterium longum mix) in mice rescued stressed-induced

161

www.enjournal.org



Juli Choi, et al. e n

abnormal brain plasticity and reversed the reduction of neuro-  cell line HT22 cells treated with glucocorticoid (GC; corticoste-
genesis and BDNF levels [45]. Therefore, we investigated whether  rone, 400 ng/ml) had decreased expression of total Bdnf (tBdnf)
treatment with Z-EVs in neuronal cells could induce changes in  and the BDNF splicing variants Bdnf1, Bdnf4, and Ngf compared
the expression of BDNF and its related factors. The hippocampal  with that of untreated control HT22 cells. In contrast, L-EV treat-
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Fig. 1. L. plantarum-derived EV's (L-EV's) increased BDNF expression in HT22 cells. (A) Expression levels of tBdnf, Bdnfl, Bdnf4, and Ngf in cultured
HT22 cells in the presence of GC (400 ng/ml), L-EV (20 pg/ml) or GC+L-EV for 24 h (n=8~12 per group). Two-way ANOVA followed by Bonferroni
post hoc test (tBdnf, F, ;;,=0.0052 and p=0.9429 for GC main effect, F, ;,=11.19 and p=0.0019 for L-EV main effect, and F ;,=14.75 and p=0.0005 for
GCxL-EV; Bdnfl, F, 1,=1.390 and p=0.2471 for GC main effect, F, ;,=13.60 and p=0.0008 for L-EV main effect, and F, ;,=7.166 and p=0.0116 for
GCxL-EV; Bdnt4, F, 15=0.2697 and p=0.6068 for GC main effect, F, 5=22.60 and p<0.0001 for L-EV main effect, and F, ;;=12.49 and p=0.0012 for
GCxL-EV; Ngt, F, 5,=27.95 and p<0.0001 for GC main effect, F, ;,=24.33 and p<0.0001 for L-EV main effect,and F, ;,=2.639 and p=0.1135 for GCxL-
EV). (B) Western blot data showing the expression level of proBDNF in HT22 cells treated with GC (400 ng/ml), L-EV (20 pg/ml) or GC+L-EV for 24 h
(n=6 per group). Two-way ANOVA followed by Bonferroni post hoc test (F, ,,=14.19 and p=0.0012 for GC main effect, F, ,,=3.819 and p=0.0648 for
L-EV main effect, and F;,,,=3.819 and p=0.0648 for GCxL-EV). (C) Expression levels of Sirt1, Hdac2, and CrebI in HT22 cells treated with GC (400
ng/ml), L-EV (20 pg/ml) or GC+L-EV for 24 h (n=6~10 per group). Two-way ANOVA followed by Bonferroni post hoc test (Sirtl, F,;,,=0.0168 and
p=0.8979 for GC main effect, F, ,,,=65.48 and p<0.0001 for L-EV main effect, and F, ,,=22.96 and p<0.0001 for GCxL-EV; Hdac2, F, ,,=5.034 and
p=0.0353 for GC main effect, F, ,,=0.2970 and p=0.5913 for L-EV main effect, and F,,,=3.793 and p=0.0643 for GCxL-EV; Creb1, F,, ,,=0.0513 and
p=0.8227 for GC main effect, F, ,,=4.846 and p=0.0368 for L-EV main effect, and F, ,,=0.0056 and p=0.9412 for GCxL-EV). (D, E) Expression levels
of Sirt1 (D), tBdnf, Bdnt1, Bdnf4, and CrebI(E) in HT22 cells treated with siRNA-CON (50 pmol), siRNA-Sirt! (50 pmol), L-EV (20 pg/ml) or siRNA-
Sirtl+ L-EV for 24 h (n= 5~10 per group). Two-way ANOVA followed by Bonferroni post hoc test (Sirt!, F,;,;,=22.48 and p<0.0001 for siSirt] main
effect, F,;,3,=0.5684 and p=0.4586 for L-EV main effect, and F, ,;=0.3164 and p=0.5792 for siSirt1xL-EV; Hdac2, I ,5=1.194 and p=0.2839 for siSirt1
main effect, F | ,4=0.4969 and p=0.4867 for L-EV main effect, and F, ,,=2.108 and p=0.1576 for siSirt1xL-EV; Creb1, F, ;,=47.84 and p<0.0001 for
siSirt] main effect, F; 14=0.0141 and p=0.9069 for L-EV main effect, and F, ;4=0.1306 and p=0.7218 for siSirt1xL-EV; tBdnf, ¥, ,,=3.681 and p=0.0670
for siSirt] main effect, F, ,,,=1.632 and p=0.2137 for L-EV main effect,and F, ,,=1.446 and p=0.2409 for siSirt1xL-EV; Bdnf1, F,, ,;=5.607 and p=0.0276
for siSirtl main effect, F,,,=0.7048 and p=0.4106 for L-EV main effect, and F,,,=0.7991 and p=0.3815 for siSirt1xL-EV; Bdnf4, ¥, ;=25.64 and
p<0.0001 for siSirt1 main effect, F;, ,;=0.3326and p=0.5697 for L-EV main effect,and F, ,;=0.1315 and p=0.7202 for siSirt1xL-EV). GC, glucocorticoid;
veh, vehicle. Data are presented as mean+SEM. *p<0.05; **p<0.01.
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Fig. 2. L-EV treatment during the stress-treatment period blocked the stress-induced decrease in the expression of neurotrophic factors in the hip-
pocampus and inhibited stress-induced depressive-like behaviors. (A) Experimental design (Exp. 1). Mice were treated with restraint for 2-h daily for
14 days (2hx14 d RST). Saline or L-EV (0.1 pg/kg) were ip. injected 30 min before restraint treatment each day. Behavioral tests were performed on
post-stress days 1-3 (p1~p3) and mice were sacrificed on post-stress day 7 (p7). Control mice injected with saline (CON+veh), mice treated with L-EV
(CON+L-EV), mice treated with repeated restraint and injected with saline (CRST+veh), and mice treated with repeated restraint and injected with
L-EV (CRST+L-EV) were prepared. (B) Body weight (g) changes of CON+veh, CON+L-EV, CRST+veh, and CRST+L-EV (n=8~12 animals per group).
(C) Expression levels of Ngf, tBdnf, Bdnt1, Bdnf4,Nt3,Nt4/5,and Tikb in the hippocampus of CON-+veh, CON+L-EV, CRST+veh, and CRST+L-EV (n=6
animals and 4~8 PCR repeats per group). Two-way ANOVA followed by Bonferroni post hoc test (Ngf, F, ,5=2.900 and p=0.0997 for CRST main effect,
F(1,5=0.6187 and p=0.4381 for L-EV main effect, and F, ,5=1.024 and p=0.3202 for CRSTL-EV; tBdnf, ¥, ,;=0.2452 and p=0.6248 for CRST main ef-
fect, F, ,5=15.43 and p=0.0006 for L-EV main effect, and F, ;=1.932 and p=0.1768 for CRSTxL-EV; Bdnf1, F , ,=9.542 and p=0.0094 for CRST main
effect, F, 1,=15.01 and p=0.0022 for L-EV main effect,and F, ,,=2.324 and p=0.1533 for CRSTXL-EV; Bdnf4, ¥, ,=13.95 and p=0.0028 for CRST main
effect, F, ,,=9.418 and p=0.0097 for L-EV main effect,and F, ;,=8.003 and p=0.0152 for CRSTxL-EV; Nt3, F,, ,=0.9424 and p=0.3400 for CRST main
effect, F(| ,5=0.1996 and p=0.6585 for L-EV main effect, and F, ,4=1.974 and p=0.1710 for CRSTxL-EV; Nt4/5, F | ,,=14.45 and p=0.0009 for CRST
main effect, F; ,,=1.654 and p=0.2106 for L-EV main effect,and F,,,=8.419 and p=0.0078 for CRSTXL-EV; Tikb, F, ,,=0.0650 and p=0.8025 for CRST
main effect, F, ,,=1.768 and p=0.2049 for L-EV main effect,and F, ;=2.969 and p=0.1069 for CRSTxL-EV). (D) Western blot data showing the expres-
sion level of proBDNF in the hippocampus of CON+veh, CON+L-EV, CRST+veh, and CRST+L-EV (n=6 animals and 4 WB repeats per group). Two-
way ANOVA followed by Bonferroni post hoc test (F, ,=12.29 and p=0.0043 for CRST main effect, ¥, ;,=1.697 and p=0.2172 for L-EV main effect,and
F12=8.952 and p=0.0112 for CRSTL-EV). (E) Expression levels of Sirt1, Hdac2,and Creb1 in the hippocampus of CON-+veh, CON+L-EV, CRST+veh,
and CRST+L-EV (n=6 animals and 6-10 PCR repeats per group). Two-way ANOVA followed by Bonferroni post hoc test (Sirt1, F, ,;=6.483 and
p=0.0181 for CRST main effect, F, ,;,=12.17 and p=0.0020 for L-EV main effect,and F, ,;,=2.365 and p=0.1377 for CRSTxL-EV; Hdac2,F, ,;=10.31 and
p=0.0036 for CRST main effect, F, ,;=5.110 and p=0.0327 for L-EV main effect, and F, ,;=1.340 and p=0.2280 for CRSTxL-EV; Creb1, F,,,=0.2456
and p=0.6251 for CRST main effect, F, ,,=2.829 and p=0.1067 for L-EV main effect, and F, ,,=1.358 and p=0.2564 for CRSTxL-EV). (F G) Immobil-
ity time in the tail suspension test (TST; F) and forced swim test (FST; G) of CON+veh, CON+L-EV, CRST+veh, and CRST+L-EV (n=7~12 animals per
group). Two-way ANOVA followed by Bonferroni post hoc test (TST, F; ;=11.90 and p=0.0016 for CRST main effect, F, ;=6.235 and p=0.0177 for
L-EV main effect, and F, 1;=1.665 and p=0.2059 for CRSTXL-EV; FST, F, 1,=23.84 and p<0.0001 for CRST main effect, F, ;,=3.265 and p=0.0792 for
L-EV main effect,and F, 3,=12.17 and p=0.0013 for CRSTxL-EV). Data are presented as mean+SEM. *p<0.05; **p<0.01.
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ment (20 pg/ml) reversed GC-induced reduced expression of
tBdnf, Bdnf1, Bdnf4, and Ngf (Fig. 1A). Western blot analysis con-
firmed that L-EV treatment blocked GC-induced reduced expres-
sion of proBDNF (Fig. 1B).

L-EV treatment in HT22 cells increased BDNF expression
via Sirtl

BDNF expression is regulated by transcription and/or epigenetic
factors, including cAMP response element (CRE) binding protein
(CREBL1) [46], histone acetyltransferase 2 (HDAC2) [47], and Sir-
tuinl (Sirtl) [48]. HDAC2 negatively regulates BDNF expression
in stress-induced depression models [47], whereas CREB1 and
Sirt] enhance BDNF expression [47-49].

GC treatment in HT22 cells decreased Sirt! expression, but not
significantly Creb! and Hdac2, whereas L-EV treatment increased
the GC-induced reduced expression of Sirtl, but produced no
significant change in Creb! and Hdac2 expression (Fig. 1C). The
siRNA-mediated knockdown of Sirtl in HT22 cells reduced the
expression of tBdnf, Bdnf1, Bdnt4, and Creb1, and under the sup-
pression of Sirt!, L-EV treatment did not increase the expression
of Bdnf4 and CrebI (Fig. 1D and 1E). These results suggest that
Sirtl plays a role in L-EV-induced upregulation of Bdnf4 and
Crebl.

L-EV treatment in mice during the stress treatment phase
blocked stress-induced depressive-like behaviors

Next, we examined whether L-EV treatment in mice affected
BDNEF expression in the brain and stress-induced depressive-like
behaviors. Mice treated with restraint for 2-h daily for 14 days
(CRST; 2h x 14d RST) exhibited depressive-like behaviors [37],
and had reduced expression of BDNF in the hippocampus [50].
Consistent with these reports, mice treated with CRST had re-
duced expression of Bdnf1, Bdnf4, and Nt4/5 in the hippocampus
compared to that of control mice (Fig. 2A and 2C). Conversely,
mice treated with L-EVs prior to each restraint (RST+L-EV; Fig.
2A) had increased expression of Bdnfl, Bdnt4, and Nt4/5 com-
pared to that of CRST mice (Fig. 2A and 2C). Western blot analysis
also indicated that proBDNF levels were reduced after CRST treat-
ment, whereas L-EV injection at each stress session blocked the
stress-induced decreased expression of proBDNF (Fig. 2D).

The body weight of mice decreased during restraint treatment,
but was not affected by L-EV treatment (Fig. 2B). Mice treated
with CRST tended to have reduced expression of Sirt/ in the
hippocampus, whereas L-EV treatment during the stress session
blocked the stress-induced reduced expression of Sirt1 (Fig. 2E).
In contrast, there was no change in Hdac2 and Creb1 expression.
Behavioral tests indicated that mice treated with CRST exhibited
164
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increased immobility in the TST and FST (Fig. 2F and 2G). In
contrast, L-EV treatment prior to each restraint (Fig. 2A) blocked
stress-induced increased immobility in the TST and FST (Fig. 2F
and 2G).

These results suggest that L-EV treatment in mice during the
stress induction phase blocks stress-induced reduced expression
of BDNF in the hippocampus and stress-induced depressive-like

behaviors.

L-EV treatment in CRST-treated mice rescued stress-in-
duced depressive-like behaviors

Next, we examined whether L-EV treatment in the post-stress
phase produced antidepressant-like effects. Mice treated with re-
straint for 2-h daily for 14 days had reduced expression of tBdnf,
Bdnft4, and Nt3, and tended to have reduced expression of BdnfI
and Nt4/5 in the hippocampus compared to that of control mice
on post-stress day 35 (p35) (Fig. 3A and 3C). Thus, stress-induced
changes in the expression of these neurotrophic factors in the
hippocampus were long-lasting. On the contrary, L-EV treatment
in CRST-treated mice blocked the reduced expression of tBdnf,
Bdnfl, Bdnf4, and Nt4/5 in the hippocampus (Fig. 3A and 3C).
CRST-induced body weight changes occurred, whereas post-stress
treatment with L-EVs or IMI produced no significant effect on
body weight (Fig. 3B). Western blot analysis indicated that mice
treated with CRST had reduced expression of proBDNF in the
hippocampus, whereas post-stress treatment with LZ-EVs in CRST-
treated mice suppressed stress-induced reduced expression of
proBDNF and BDNF (Fig. 3D).

Mice treated with CRST showed reduced social interaction in
the sociability test (Fig. 3E and 3F) and increased immobility time
in the TST and FST (Fig. 3G and 3H). In contrast, post-stress treat-
ment with L-EVs in CRST-treated mice reversed decreased socia-
bility in the sociability test, and reduced stress-induced increased
immobility in the TST and FST (Fig. 3E~H). These data indicated
that antidepressant-like effects of L-EVs are comparable to those
of imipramine (Fig. 3E~H).

Next, we examined whether antidepressant-like effects of L-EVs
were sustained long after the termination of L-EV treatment (Fig,
3A). When reassessed on post-stress days 29-30, mice treated with
CRST exhibited depressive-like behaviors in the sociability test
(Fig. 3l and 3]) and in the TST and FST (Fig. 3K and 3L), whereas
mice treated with CRST followed by L-EVs in the post-stress
phase showed increased sociability and reduced immobility in the
TST and FST, which were also comparable to those of mice treated
with imipramine (Fig. 3I~L). These results suggest that L-EV's pro-
duce antidepressant-like effects in mice with stress-induced de-

pression, and L-EV-induced antidepressant-like effects are stably
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Fig. 3. L-EV treatment in CRST-treated mice reversed stress-induced decreased expression of BDNF in the hippocampus and rescued stress-induced
depressive-like behaviors. (A) Experimental design (Exp.2). Mice exposed to CRST (2hx14 d RST) were treated with saline, imipramine (20 mg/kg), and
L-EV (0.1 pg/kg for days 1~5; 0.18 ug/kg for days 6~7; 0.27 pg/kg for day 8 and thereafter). Behavior tests were performed on post-stress days 14~16
(p14~p16; behavior tests, #1) and post-stress days 28~30 (p28~p30; behavior tests, #2). Mice were sacrificed on post-stress day 35 (p35). Control mice
injected with saline (CON+veh), mice treated with L-EV (CON+L-EV), mice treated with repeated restraint and injected with saline (CRST+veh),
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Fig. 3. (Continued) and mice treated with repeated restraint and injected with L-EV (CRST+L-EV) and mice treated with repeated restraint and in-
jected with imipramine (CRST+IMI) were prepared. (B) Body weight changes of CON+veh, CON+L-EV, CRST+veh, CRST+L-EV, and CRST+IMI
(n=8~12 animals per group). (C) Expression levels of Ngf, tBdnf, Bdnfl, Bdnt4, Nt3, Nt4/5, and 1rkb in the hippocampus of CON+veh, CON+L-EV,
CRST+veh, CRST+L-EV, and CRST+IMI (n=6~8 animals and 4~6 PCR repeats per group). For the comparison of CON+veh, CON+L-EV, CRST+veh,
and CRST+L-EV groups, two-way ANOVA followed by Bonferroni post hoc test was used (Ngf, F, ,,=1.549 and p=0.2337 for CRST main effect;
119=0.3197 and p=0.5808 for L-EV main effect; F, |,=0.1826 and p=0.6757 for CRSTxL-EV; tBdnf, ¥ ,,=4.871 and p=0.0445 for CRST main effect;
110=4.274 and p=0.0577 for L-EV main effect; F,, ,,=4.752 and p=0.0468 for CRSTxL-EV; Bdnf1, F, ;,=0.5907 and p=0.4570 for CRST main effect;
(112=6.682 and p=0.0239 for L-EV main effect; F, ,=8.992 and p=0.0111 for CRSTxL-EV; Bdnf4, F, ;;=25.35 and p=0.0002 for CRST main effect;
113=7-794 and p=0.0153 for L-EV main effect; F, ;;=17.60 and p=0.0010 for CRSTxL-EV; Nt3, F,, ,=43.45 and p<0.0001 for CRST main effect;
119=3.274 and p=0.0919 for L-EV main effect; F, ;=22.21 and p=0.0003 for CRSTL-EV; Nt4/5, ¥ ,=0.0645 and p=0.8042 for CRST main effect;
n=06.108 and p=0.0310 for L-EV main effect; F, ,,=15.76 and p=0.0022 for CRSTxL-EV; Trkd, F, ,=0.3743 and p=0.5505 for CRST main effect;
110=7-106 and p=0.0185 for L-EV main effect; F ,,,=1.669 and p=0.2173 for CRSTxL-EV). For the comparison of CON+veh, CRST+veh, CRST+L-EV,
and CRST+IMI groups, one-way ANOVA followed by Newman-Keuls post hoc test was used (Ngf, F; 1,=1.495 and p=0.2591; tBdnf, F; ,,=2.938 and
p=0.0699; Bdnf1, F, ,,=14.81 and p=0.0004; Bdnf4, F,, ,=5.176 and p=0.0143; N3, F; ,=9.203 and p=0.0020; Nt4/5, F,; ,,=2.170 and p=0.1493; Tikb,
Fi5.14=3.280 and p=0.0527). (D) Western blot analysis of proBDNF and BDNF expression in the hippocampus of CON-+veh, CON+L-EV, CRST+veh,
and CRST+L-EV (n=8 animals and 3~5 WB repeats per group). Two-way ANOVA followed by Bonferroni post hoc test (proBDNE F, (=22.62 and
p=0.0002 for CRST main effect, F, ;4=4.830 and p=0.0430 for L-EV main effect, and F ,=3.681 and p=0.0731 for CRSTxL-EV; BDNE F,, ;=1.329
and p=0.2823 for CRST main effect, F, 3=10.25 and p=0.0126 for L-EV main effect, and F, ;=0.1521 and p=0.7067 for CRSTxL-EV). (E~H) Behavior
tests (#1) on post-stress days 14~16. Representative tracking of mice placed in the sociability test (E). The percent time (%) spent in the target or non-
target fields (F), and immobility time in the TST (G) and FST (H) of CON+veh, CON+L-EV, CRST+veh, CRST+L-EV,and CRST+IMI (n=6~12 animals
per group). Two-way ANOVA followed by Bonferroni post hoc test was used for the comparison of CON-+veh, CON+L-EV, CRST+veh, CRST+L-EV
(target field in the sociability test, F, ,;,=2.243 and p=0.1458 for CRST main effect, F,, ,,,=0.6705 and p=0.4200 for L-EV main effect, and F,,,=9.550
and p=0.0046 for CRSTxL-EV; non-target field in the sociability test, F, ,,=2.420 and p=0.1315 for CRST main effect, F, ,,=0.5370 and p=0.4700 for
L-EV main effect, and F,; ,,,=9.869 and p=0.0041 for CRSTxL-EV; TST, F, ;,,=7.324 and p=0.0.106 for CRST main effect, F, ;,=0.6786 and p=0.4158 for
L-EV main effect, and F, ;,=5.308 and p=0.0275 for CRSTxL-EV; FST, F, ;,=29.00 and p<0.0001 for CRST main effect, F ;;=5.846 and p=0.0210 for
L-EV main effect, and F; ;5=18.19 and p=0.0001 for CRSTxL-EV). One-way ANOVA followed by Neuman-Keuls post hoc test was for the comparison
of CON+veh, CRST+veh, CRST+L-EV and CRST+IMI (target field in the sociability test, F5,,=6.470 and p=0.0019; non-target field in the sociability
test, F;,,=6.435 and p=0.0020; TST, F; ;3=6.772 and p=0.001; FST, F; ;,=21.57 and p<0.0001). (I~L) Behavior tests (#2) on post-stress days 28~30. Rep-
resentative tracking of mice placed in the sociability test (I). The percent time (%) spent in the target or non-target fields (J), and immobility time in the
TST (K) and FST (L) of CON+veh, CON+L-EV, CRST+veh, CRST+L-EV,and CRST+IMI (n=6~12 animals per group). Two-way ANOVA followed by
Bonferroni post hoc test was used for the comparison of CON+veh, CON+L-EV, CRST+veh, CRST+L-EV (target field in the sociability test, F, ,4=1.580
and p=0.2192 for CRST main effect, I, ,5=9.744 and p=0.0041 for L-EV main effect, and F ,=1.332 and p=0.2582 for CRSTxL-EV; non-target field
in the sociability test, F| ,4=1.557 and p=0.2224 for CRST main effect, F, ,4=9.706 and p=0.0042 for L-EV main effect, and F ,4=1.304 and p=0.2632
for CRSTXL-EV; TST, F; 30=2.902 and p=0.0971 for CRST main effect, F,, ;,,=0.6042 and p=0.4421 for L-EV main effect,and F, ;,=6.737 and p=0.0136
for CRSTxL-EV; FST, F, 35,=6.714 and p=0.0139 for CRST main effect, F, 1;=5.713 and p=0.0224 for L-EV main effect, and F 1;=5.783 and p=0.0216
for CRSTXL-EV). One-way ANOVA followed by Neuman-Keuls post hoc test was for the comparison of CON-+veh, CRST+veh, CRST+L-EV and
CRST+IMI (target field in the sociability test, F;,,=4.567 and p=0.0103; non-target field in sociability test, F; ,,,=4.535 and p=0.0106; TST, F; ;,,=6.029
and p=0.0023; FST, F 5,,=5.762 and p=0.0027). Data are presented as mean+SEM. *p<0.05; **p<0.01.
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maintained. lus helveticus NS8 in hyperammonemia rats attenuated the level
of inflammatory markers, restored cognitive function and im-
DISCUSSION proved anxiety-like behavior [52]. Furthermore, administration

of Lactobacillus helveticus NS8 produced antidepressant effects

Lactobacillus-derived EVs increased BDNF expression in
the hippocampus and rescued depressive-like behaviors

In the present study, we demonstrated that L-EV treatment in
mice showing stress-induced depression increased BDNF expres-
sion in the hippocampus and produced antidepressant-like effects
(Fig. 2 and 3). The results of antidepressant-like effects of L-EV's
are consistent with the previous reports showing beneficial effects
of Lactobacillus spp. on various mental disorders. For example, the
supplement of Lactobacillus rhamnosus reduced stress-induced
increase of corticosterone and anxiety- and depression-related
behavior [8] and decreased stress-induced anxiety-like behavior
and deficits in social interaction [51]. Treatment of Lactobacil-
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in rats subjected to chronic restraint stress [10]. Oral ingestion of
Lactobacillus paracasei in senescence accelerated mouse prone 8
(SAMP8) mice delayed age-related cognitive decline, possibly by
preventing oxidation and inflammation [53]. Lactobacillus plan-
tarum C29 treatment increased hippocampal BDNF and p-CREB
expression and protected scopolamine-induced memory deficit in
the Y-maze and Morris water maze tests [54]. Furthermore, supple-
mentation of Lactobacillus plantarum prevented stress-induced
depressive-like behaviors in mice [35], and attenuated anxiety-re-
lated behavior in zebrafish [34]. Thus, given that supplementation
of Lactobacillus spp. produces beneficial effects on cognitive and
emotional dysfunction in various experimental conditions, it is

https://doi.org/10.5607/en.2019.28.2.158



en

Antidepressant-like Effects of Lactobacillus-derived EV's

important to note that L-EVs are sufficient to produce antidepres-
sant effects. The antidepressant-like effects of LZ-EVs on behaviors
were comparable to those of IMI (Fig. 3), whereas L-EV effects on
the expression of neurotropic factors and TrkB were only partially
overlapped with those of IMI, raising the possibility that L-EV's
might exert antidepressant-like effects in a way slightly different
from that of IMI, and therefore L-EV's could provide something
that IMI does not afford.

The results of EVs-induced increase of BDNF and other genes
in HT22 cells (Fig. 1) indicate that EVs can induce genomic re-
sponses by directly acting on cells. Considering that intraperitone-
ally (i.p.) injected L-EV's in mice induced genomic responses in
the brain that were similar to those observed in HT22 cells (Fig.
1~3), it is possible that i.p.-injected EVs directly acted on the brain.
It is well known that i.p.-injected drugs are normally absorbed into
the mesenteric veins that are carried, via the hepatic portal vein, to
the liver, and then they enter into the systemic circulatory system
via the heart. It might be possible that injected L-EV's in mice im-
mediately enter into the circulatory system. Consistent with this
speculation, recent studies reported that fluorescent lipophilic dye-
labeled EVs, when treated orally (p.o.), intravenously (i.v.), subcu-
taneously (s.c.) or intraperitoneally in all cases, are accumulated
in many organs in the body, including the brain, liver, and kidney,
although accumulation levels vary among different regions. For
examples, DiD dye-labeled lung cancer cell (LL-2 cell)-derived
EVs i.p. injected in C57BL/6 mice were detected in the brain 24 h
after treatment [55]. Staphylococcus aureus-derived EV's [56] or
Helicobacter pylori-derived EVs (100 pg/100 pl) [57] treated in

C57BL/6 mice were also found in the brain 24 h after treatment.

Sirtl played a role in L-EV-induced increased expression of
BDNF and CREB in HT22 cells

L-EV treatment in HT22 cells increased BDNF expression, and
this L-EV-induced BDNF expression was in part mediated by
Sirtl, but not HDAC2 (Fig. 1). Thus, our results are consistent
with the notion that Z-EVs in HT22 cells induced BDNF expres-
sion through a transcriptional mechanism. L-EV treatment in
CRST-treated mice also increased BDNF and NT4/5 expression
in the hippocampus (Fig. 3C and 3D) and these L-EV effects were
sustained for over 21 days after termination of L-EV treatment
(Fig. 2C and 3C). These results suggest that L-EVs exert persistent
changes in the expression of neurotropic factors.

BDNF expression is reduced in the hippocampus of post-
mortem samples from major depressive disorder patients and in
mice with stress-induced depression [58, 59]. In contrast, depres-
sive behavior is reversed by administration of recombinant BDNF
in mice [60]. BDNF expression is regulated by epigenetic factors
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such as Sirtl, HDACs and MeCP2 in stress-induced depression
models [61, 62]. Sirt] has a deacetylase activity [48]. Sirt] indi-
rectly regulates BDNF and CREB expression by decreasing miR-
134 expression [48, 63]. Sirtl can promote axon development
and dendritic arborization [63-65]. Sirtl expression is conversely
regulated by miRNAs or other factors [48, 63, 66]. Sirt1 is reduced
in the hippocampus of mice displaying depressive-like behaviors
induced by chronic unpredictable mild stress (CUMS), whereas its
activation reversed depression-like behaviors [64]. In rats exposed
to CUMS, depression-like behaviors were reversed by resveratrol,
which increased the expression of Sirtl, CREB, and BDNF in the
hippocampus, while decreasing miR-134 [67]. As demonstrated
in the present study, Sirt1 was also reduced in the hippocampus of
mice exposed to chronic restraint stress, whereas L-EV treatment
increased Sirtl and BDNF (Fig. 2 and 3). Sirt] inhibition in HT22
cells reduced the expression of tBdnf, Bdnt1, Bdnf4, and Creb1.
Sirtl inhibition in L-EV-treated HT22 cells reduced the expres-
sion of Bdnf4 and Creb1, compared to that of L-EV-treated HT22
cells, suggesting that Sirt/ may have a role in L-EV-induced up-
regulation of Bdnf4 and Creb1 (Fig. 1D and 1E). However, L-EV-
induced increase of tBdnf and BdnfI was not completely blocked
by siRNA-Sirt1 (Fig. 1D and 1E). These results suggest that L-EV's
might increase BDNF expression via Sirt1-dependent and Sirt1-
independent mechanisms. MeCP2 is an epigenetic factor that can
regulate BDNF expression [68, 69]. It may be worthwhile to exam-
ine whether MeCP2 is involved in L-EV effects on BDNF expres-
sion in neuronal cells.

Which factor contained in L-EVs increases the expression of
Sirtl is not studied in the present study, but it is a challenging ques-
tion that needs to be solved. EVs contain proteins, lipids, DNAs,
RNAs, enzymes, bacterial metabolites, and toxins [70, 71]. The
genus Bacteroides secreted EVs containing glycosidases and pro-
teases that digested glycans which was used for growth [72]. Bacte-
roides fragilis-derived EV's contained PSA, which prevented colitis
by enhancing immunomodulatory effects [73]. EVs derived from
Pseudomonas aeruginosa contained bacteria DNAs, which were
transferred to lung epithelial cells and were amplified by PCR in
the nuclear fraction of cells [74]. Thus, bacterial EVs that contain
proteins, lipids, DNA/RNAs, or bacterial metabolites might have
a potential to exert physiological effects on host cells. Regarding
the dramatic changes in gene expression alteration and behavioral
rescues by EVs (Fig. 1~3), the detailed mechanisms how bacteria-
derived EVs affect brain function remain to be explored further.

In conclusion, L-EV treatment increases the expression of BDNF
in hippocampal neurons and produces antidepressant-like effects.
Thus, our results support the notion that L-EVs and their direct
action on neuronal cells mediate antidepressant effects of Lacto-
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