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ARTICLE INFO ABSTRACT

Keywords: The anti-depressant effect of repetitive transcranial magnetic stimulation (rTMS), a clinically-useful treatment
rTMS for depression, is associated with changes to the endocannabinoid system (ECS). However, it is currently un-

D‘_’-PreSSiOH known whether different frequencies of rTMS alter the ECS differently. To test this, rats exposed to chronic
Hippocampus unpredictable stress (CUS) were treated with rTMS at two different frequencies (5 (high) or 1Hz (low),
Endocannabinoids

1.26 Tesla) for 7 consecutive days. Twenty-four hours after the final rTMS treatment, we evaluated depressive-
like behaviors and the expression of several synaptic proteins and ECS-related proteins in the hippocampus. In
addition, we knocked-down diacylglycerol lipase alpha (DAGLa) and cannabinoid type 1 receptor (CB1R), two
important components of the ECS, and measured depressive-like behaviors and synaptic protein expression
following rTMS. Furthermore, we measured the expression levels of several components of the ECS system in
hippocampal-derived astrocytes and neurons exposed to repetitive magnetic stimulation (rMS) with different
parameters (5 or 1 Hz, 0.84 or 1.26 Tesla). Interestingly, we found that only high-frequency rTMS ameliorated
depressive-like behaviors and normalized the expression of hippocampal synaptic proteins in CUS-treated rats;
this effect was eliminated by knockdown of DAGLa or CB1R. Moreover, we found that rMS at 5 Hz increased the
expression of DAGLa and CB1R in hippocampal astrocytes and neurons. Collectively, our results suggest that
high-frequency rTMS exerts its anti-depressant effect by up-regulating DAGLa and CB1R.

1. Introduction

Depression is a common and debilitating illness associated with
significant morbidity and family burden. Currently, depression is
treated with antidepressants and psychological interventions. However,
the antidepressants currently available, such as selective serotonin re-
uptake inhibitors (SSRIs), must be taken daily for at least a year and are
often associated with side effects (Mello et al. 2013). Furthermore, low

remission rates and delayed onset of efficacy are commonly observed
after multiple courses of pharmacotherapy (Daly et al. 2018). In addi-
tion, psychological interventions produce only partial benefits, and the
requirement for expensive professional psychotherapists has limited
their application (Karyotaki et al. 2017; March et al. 2004). There is
thus an urgent need to identify better and cheaper therapeutic options
for depression.

Repetitive transcranial magnetic stimulation (rTMS) is widely used

Abbreviations: SSRIs, selective serotonin reuptake inhibitors; rTMS, repetitive transcranial magnetic stimulation; rMS, repetitive magnetic stimulation; CUS, chronic
unpredictable stress; ECS, endocannabinoid system; PSD95, post-synaptic density protein 95; SYN, synaptophysin; DAGLa, diacylglycerol lipase alpha; CB1R,
cannabinoid type 1 receptor; CB2R, cannabinoid type 2 receptor; shRNA, short hairpin RNA; AEA, N-arachidonoyl ethanolamine; MAGL, monoacylglycerol lipase;
FAAH, fatty acid amide hydrolase; NAPE-PLD, N-acyl phosphatidyl ethanolamine-phospholipase D; SPT, sucrose preference test; OFT, open-field test; FST, forced
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to treat psychiatric disorders noninvasively. In 2008, the U.S. Food and
Drug Administration approved rTMS as a treatment for antidepressant-
resistant depression. Recently, the acute and short-term antidepressant
efficacy of rTMS has been reported in clinical trials (Brunoni et al.
2017; Fitzgerald et al. 2018; Kedzior et al. 2017). Notably, rTMS was
successfully used as an alternative treatment of depression during
pregnancy, which is complex due to risks associated with medication
use (Eryilmaz et al. 2015; Felipe and Ferrao 2016; Ferrao and da Silva
2018). Moreover, rTMS is superior to antidepressants in preventing the
recurrence of depressive episodes, particularly in first-episode de-
pressed patients (Haesebaert et al. 2018; Richieri et al. 2013). As such,
the functional mechanisms of rTMS may be different to those of anti-
depressants. It is therefore critical to investigate the molecular me-
chanisms through which rTMS improves depression.

The endocannabinoid system (ECS) comprises the cannabinoid type
1 receptor (CB1R), type 2 receptor (CB2R), and two endogenous li-
gands, 2-arachidonoyl glycerol (2-AG), and N-arachidonoyl ethanola-
mine (AEA). The ECS is a widespread neuromodulatory system that
responds to endogenous and environmental insults, regulates synaptic
plasticity, and modulates central nervous system development (Lu and
Mackie 2016). The synthesis of 2-AG and AEA occurs through hydro-
lysis of their precursors by diacylglycerol lipase alpha (DAGLa) and N-
acyl phosphatidyl ethanolamine-phospholipase D (NAPE-PLD), respec-
tively; while their catabolism occurs through monoacylglycerol lipase
(MAGL) and fatty acid amidehydrolase (FAAH), respectively.

The ECS has been shown to be perturbed in animal models of de-
pression. For example, CB1R deficiency was correlated with depressive-
like behaviors in mice (Lomazzo et al. 2017; Valverde and Torrens
2012), and ECS dysregulation occurred in a rat model of depression
(Smaga et al. 2017a). Additionally, EC signaling in the brain was
compromised after chronic stress (Jennings et al. 2016; Morena et al.
2016), and augmenting EC signaling mitigated chronic stress-induced
depressive-like behaviors (Griebel et al. 2018; Zhong et al. 2014).
Furthermore, circulating levels of 2-AG were found to be reduced in
patients with major depression (Coccaro et al. 2018). Consistent with
this, we previously demonstrated that administering a low dose of
MAGL inhibitors produced antidepressant effects in acute stress-ex-
posed mice through long-term depression at glutamatergic synapses,
whereas a high dose produced pro- and antidepressant effects in acute
stress- and chronic corticosterone-exposed mice, respectively, through
GABAergic synaptic disinhibition in the hippocampus (Wang, Y. et al.,
2017). Indeed, our previous work confirmed the antidepressant effect of
rTMS and showed that it increased hippocampal CB1R expression in
chronically-stressed rats (Wang et al. 2014). Recently, we demonstrated
that rTMS up-regulated 2-AG levels in the hippocampus and amelio-
rated depressive-like behaviors in adolescent rats (Fang and Wang
2018). Thus, rTMS appears to exert its antidepressant effect through the
regulation of ECS.

The effects of antidepressants on the ECS are inconsistent. Previous
studies indicated that chronic treatment with desipramine increased
CB1R density in the hippocampus and hypothalamus of rats without
altering EC levels (Hill et al. 2006). Conversely, citalopram was re-
ported to reduce CBIR transcription and signal transduction in the
hippocampus and hypothalamus (Hesketh et al. 2008). Moreover,
chronic administration of imipramine, escitalopram, and tianeptine
increased AEA levels and elevated CB1R density in the hippocampus
(Smaga et al. 2014; Smaga et al. 2017b). Collectively, these findings
suggest that the dysregulation of EC in the hippocampus contributes to
the pathogenesis of depression and indicate a potential link between
rTMS and antidepressant treatment and ECS signaling.

Studies suggest that high-frequency (= 1 Hz) rTMS increases local
cortical excitability after stimulation, whereas low-frequency stimula-
tion (0.1-1 Hz) decreases local cortical excitability (Fitzgerald et al.
2006). Recently, we reported that high-frequency rTMS (5/10 Hz) ra-
ther than low-frequency rTMS (1 Hz) ameliorated depressive-like be-
haviors in chronic unpredictable stress (CUS)-treated rats (Peng et al.
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2018). In the present study, we used CUS to establish an animal model
of depression and investigated the effects of different frequencies of
rTMS (1 and 5Hz) on depressive-like behaviors and hippocampal sy-
naptic proteins. We also determined whether knockdown of diacylgly-
cerol lipase alpha (DAGLa) and cannabinoid type 1 receptor (CB1R),
two important components of the ECS, would block the effects of rTMS.
Furthermore, we investigated the effects of repetitive magnetic stimu-
lation (rMS) with different parameters (5 or 1 Hz, 0.84 or 1.26 Tesla) on
the expression of ECS protein components in hippocampal astrocytes
and neurons.

2. Materials and methods
2.1. Animals

The experimental procedures on animals were performed in ac-
cordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Animal Use and
Protection Committee of the Fourth Military Medical University. Adult
Sprague-Dawley (SD) rats (weighing 280-320g), pregnant rats, and
newborn rats were purchased from the Fourth Military Medical
University Animal Center (Xi'an, China). Rats were group-housed (four
per cage) in wire bottom cages at 20-25 °C and maintained on a daily
12 h light/dark cycle (lights on from 8:00 a.m. to 8:00 p.m.). Food and
water were available ad libitum except during the CUS experiment (see
section 2.3).

2.2. Experimental design

2.2.1. Experiment I

As shown in Fig. 1A, after 7 days of acclimatization, 48 rats were
randomly assigned to one of the following four groups (n = 12 per
group): sham, CUS, CUS + rTMS-1 Hz and CUS + rTMS-5Hz. Rats in
the sham group were kept in their home cages for 4 weeks and then
subjected to sham rTMS treatments for 7 days. Rats in the CUS,
CUS + rTMS-1 Hz and CUS + rTMS-5 Hz groups were subjected to CUS
for 4weeks and then either sham rTMS treatment, rTMS at 1Hz/
1.26 Tesla (T) or rTMS at 5Hz/1.26 T for 7 days, respectively. Beha-
vioral tests were conducted 24 h after the final intervention. Animals
were subsequently sacrificed and expression levels of CB1R, DAGLa,
post-synaptic density protein 95 (PSD95), synaptophysin (SYN), MAGL,
FAAH, and NAPE-PLD in the hippocampus were determined by western
blot.

2.2.2. Experiment II

As shown in Fig. 4A, 48 rats were randomly divided into four
groups:  scramble + CUS, scramble + CUS + rTMS,
shCB1R + CUS + rTMS, shDAGLa + CUS + rTMS. Rats in the
scramble + CUS and scramble + CUS + rTMS groups were injected
with scramble shRNA lentivirus. Rats in the shCBIR + CUS + rTMS
and shDAGLa + CUS + rTMS groups were injected with CB1R-shRNA
or DAGLa-shRNA lentivirus in the hippocampus. One week after len-
tivirus injection, all rats were subjected to CUS for 4 weeks followed by
sham or 5Hz/1.26 T rTMS treatments for 7 days. Behavioral tests were
conducted and protein expression was analyzed 24 h after the final
intervention.

2.2.3. Experiment III

To investigate whether rMS directly influenced the expression of EC
related genes in hippocampal cells, hippocampus-derived astrocytes
and neurons were cultured. Purified astrocytes and neurons were plated
in 6-cm? dishes coated with poly-i-lysine (Corning, New York, NY, USA)
and incubated at 37 °C with 5% CO, for 3 days. Then, cells were treated
with rMS. The stimulation parameters were as follows: 1Hz/0.84 T,
1Hz/1.26 T, 5Hz/0.84T and 5Hz/1.26 T. After stimulation, total
mRNA and protein were extracted from cells immediately. The
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Fig. 1. Treatment with rTMS at 5 Hz ameliorates depressive-like behavior in CUS-treated rats. (A) Timeline for Experiment I. (B) Open field movement traces. (C)
Quantification of the total distance traveled in the open field test. (D) The percentages of distance traveled in the center of the open field test. (E) The percentages of
time spent in the center of the open field test. (F) The percentages of sucrose consumption in the sucrose preference test. (G) Immobility in the forced swimming test
(FST). *P < 0.05 vs. sham; **P < 0.01 vs. sham; *P < 0.05 vs. CUS; ##p < 0.01 vs. CUS.

expression of CB1R, DAGLa, FAAH, NAPE-PLD, and MAGL mRNA and
protein were detected by quantitative reverse transcription polymerase
chain reaction (RT-qPCR) and western blot analysis, respectively.

2.3. CUS

CUS was performed as described previously (Chen et al. 2015).
Briefly, rats were subjected to varied and repeated unpredictable
stressors for 4 weeks as follows: (a) inversion of the dark/light cycle; (b)
low-intensity stroboscopic illumination (in the dark for 12 h, 10 Hz); (c)
tube restraint (2 h); (d) tail pinch (1 min); (e) cage rotation (20 min); (f)
tilting the cage by 45 degrees (12h); (g) ice-cold water swim (4 °C for
5min); (h) wet bedding (250 mL of water added to the cage); (i) food
and water deprivation (24 h); (j) foot shocks (1.5mA intensity, 2s
duration with 1s intervals). One or two randomly selected types of
stimulation were applied daily. Each stressor was administered equally
two or three times during the treatment.

3. 2.4 rTMS treatment
rTMS was administered with a circular coil (inner diameter, 2.5 cm;

outer diameter, 5cm; custom-made YIRD, China) as described pre-
viously (Liu et al. 2018). The stimulation comprised six trains of 10

pulses delivered with 8-s intertrain interval at 5Hz or 900 pulses at
1 Hz. The intensity of stimulation was 1.26 T. Stimulation was per-
formed for 7 consecutive days. In the rTMS-treated groups, the center of
the coil was placed over the vertex of the skull, and the handle of the
coil was parallel to the line of the rat's vertebral column. In the sham
groups, stimuli were delivered with the coil held 10 cm above the head
to ensure that the animal felt the vibrations produced by the click of the
rTMS coil but did not receive brain stimulation (Esser et al. 2006).
Movement was restricted by hand during the stimulation. To exclude
putative effects of nonspecific stress, each animal was allowed to adapt
to the rTMS artifact noise and was subjected to a daily sham stimulation
procedure for 15min every day for 1week. Real and sham rTMS
treatments did not produce notable seizures or any behavioral changes
during the entire treatment period. For the in vitro cultured cells ex-
periments, 500 pulses of rMS were administered. The center of the coil
was placed over the center of the culture plate. In the sham groups,
stimuli were delivered with the coil held 10 cm above the culture plate
to ensure that the cells were not affected by stimulation.

3.1. 2.5 Behavioral tests

3.1.1. 2.5.1 Sucrose preference test (SPT)
During the training phase, rats were provided access and allowed to
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Fig. 2. rTMS stimulation at 5Hz influences PSD95, SYN, CB1R, DAGLa, MAGL, NAPE-PLD, and FAAH expression in the hippocampus of CUS-treated rats.

Representative immunoblots and densitometry analysis of (A) SYN, (B) PSD95, (C) CB1R, (D) DAGLa, (E) MAGL, (F) NAPE-PLD, and (G) FAAH expression in the total
hippocampus of sham, CUS, CUS + rTMS-1 Hz and CUS + rTMS-5 Hz groups. *P < 0.05 vs. sham; **P < 0.01 vs. sham; #P < 0.05 vs. CUS; **P < 0.01 vs. CUS.

freely consume 1% sucrose solution for 24 h. Subsequently, water and 4. 2.6 shRNA and lentivirus construction

1% sucrose were provided simultaneously, and animals were allowed to

consume fluid freely for 24 h. Rats were then deprived of water and Lentivirus vector construction and packaging were performed by
food for 24 h before testing. In the testing phase, water and 1% sucrose Shanghai Genechem Co. Ltd. (Shanghai, China). Based on rat CBIR and
were placed in pre-weighed bottles, and rats were allowed to consume DAGLa mRNA sequence (accession number: NM_012784.4;

the fluid freely for 1h. Sucrose preference was calculated as sucrose NM_001005886.1), three shRNAs targeting different regions of CBIR
preference (%) = sucrose consumption / (sucrose consumption + mRNA (shCB1R-a, b, ¢) or DAGLa mRNA (shDAGLa-a, b, ¢) and a
water consumption) according to previous studies (Liu et al. 2018; Ota control shRNA that did not correspond to any mammalian mRNA
et al. 2014). (scramble) were generated. The targeting sequences were as follows:
shCB1R-a, 5-AGA UGA CGG CAG GAG ACA A-3’; shCB1R-b, 5-GGA

GAC ACA ACA AAC AUU A-3%; shCB1R-c, 5-CCA ACA TTA CAG AGT

3.1.2. 2.5.2 Open-field test (OFT) TCT A-3; shDAGLa-a, 5-GGG TGC TGG AGA ATT ACA AC-3
The open-field test was performed according to previous methods shDAGLa-b, 5’-GGC TTT CAC GAC AAG GTG TA-3’; shDAGLa-1c, 5
(Liu et al. 2016). Briefly, animals were placed in the center of an open- TGC CCG GCA TCA CTG CCC TGA AAC A-3’; scramble, 5-TTC TCC GAA
field box. Activity was recorded for 5min using an open-field activity CGT GTC ACG T-3". shRNA sequences were inserted into the LV-pGLV-
system (Dig Behav, Ji liang Co. Ltd., Shanghai, China) and activity H1-GFP lentiviral vector labeled with green fluorescent protein (GFP)
software (Top Scan, Clever Sys Inc., USA). (Genechem Co. Ltd., Shanghai, China) and packaged in HEK 293 T cells.
Subsequently, lentiviral particles expressing either one of shCBIR,

shDAGLa, or scramble sequences were cloned. Finally, the silencing

3.1.3. 2.5.3 Forced swimming test (FST) efficiency of shCB1R and shDAGLa was assessed in astrocyte cultures
Rats were subjected to a forced swimming test 12h after the open- by RT-gPCR. shCB1R-b and shDAGLa-c constructs were selected for
field test. In brief, rats were placed individually in a cylinder (height: subsequent in vivo experiments (data not shown).

45 cm, diameter: 20 cm) containing water 30 cm high (25 °C) for 6 min.
An additional pre-test was conducted 24 h before the test, during which

rats were individually placed in a cylinder of water with conditions 4.1. 2.7 Primary cultures of astrocytes and neurons

described above for 15 min. The time that rats remained floating in the

water with an upright position and stopped struggling was recorded. Astrocytes were prepared and cultured from brains of SD newborn
The immobility duration indicating a state of helplessness was de- rats according to previous work (Xue et al. 2019). Briefly, the hippo-
termined and analyzed for the last 4 min of the 6 min test. campus was dissected from newborn rats under a stereomicroscope.

Single cell suspensions obtained by mechanical dissociation filtered
with a 200-molybdenum wire mesh screen were cultured in Dulbecco's



S.-s. Xue, et al.

A

Scramble

shCB1R

shDAGLa

Pharmacology, Biochemistry and Behavior 184 (2019) 172738

9 1.5
2
<
4 ——
1.0 1
£ *
x© —_
=
[11]
O 0.5
2
£
L]
©
© 0.0 T T T
Y < <>
O' N NS
Ooé @éo QQ,
p © £
T 1.5
2
<
Z —_— —
€ 1.0 *
-}
s —
S o054
)
2
=
S
& 00 ; : T
>
& & o
& sl o
s &

Fig. 3. CBIR and DAGLa mRNAs were down-regulated in the dentate gyrus of rats. (A) Photomicrographs of NeuN (blue) and lentivirus infection (green) signals in
the dentate gyrus. (B) Illustration of bilateral injections of lentivirus in the dentate gyrus of rats. (C) Histograms showing the levels of CBIR and DAGLa mRNAs in the
hippocampus of rats after lentivirus infection. Bar: 200 um. *P < 0.05 vs. scramble. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (FBS)
and incubated at 37 °C with 5% CO, until confluency was achieved.
After 10 days of culture, astrocyte-enriched cultures were obtained by
shaking mixed glial cultures at a speed of 240 rpm to remove im-
purities. Astrocyte identity was confirmed by positive immunostaining
for glial fibrillary acidic protein (GFAP) (Fig. 6A).

Primary hippocampal neurons were cultured as described pre-
viously (Nan et al. 2019). Briefly, the hippocampus was obtained from
SD rat embryos (embryonic day 18) and dissociated in Hank's Balanced
Salt Solution containing 10 mg/mL DNase I (Sigma-Aldrich, St. Louis,
MO, USA) and incubated in 0.025% trypsin-EDTA for 20 min at 37 °C.
The mixture was inactivated with DMEM/F12 supplemented with 10%
FBS and centrifuged at 1000 g for 5 min. The cells were re-suspended in
serum-free neurobasal medium supplemented with 2% B27 supplement
and 2mM GlutaMAX. Cells were plated directly onto 6-well plates
pretreated with 0.5 mg/mL poly-L-lysine (Sigma-Aldrich) and incubated
at 37 °C and 5% CO,. Half the volume of the medium was exchanged
with fresh medium twice weekly. Neuronal identity was confirmed by
positive immunostaining for beta III tubulin (Tujl) (Fig. 7A).

4.2. 2.8 Stereotaxic surgery and microinjections

Rats were anesthetized and submitted to stereotaxic surgery for
microinjection of lentivirus according to previously published protocols
(Uzakov et al. 2015). The coordinates of the injection sites were de-
termined, and holes were made in the skull manually using a hand-drill
(RWD, China). Subsequently, lentiviruses targeting CBIR or DAGLa
mRNAs were stereotaxically microinjected (1 x 10® TU/mL, 2.5 uL per

side) into the dentate gyrus (AP -3.0 mm; L + 1.8 mm; H 3.6 mm from
dura) by an automatic nanoinjector at a rate of 0.25 pL/min. The non-
targeting shRNA lentiviral vector (scramble) was used as a control. The
syringe needle was left in position for 5min after delivery to prevent
reflux. After 2weeks, CBIR and DAGLa mRNA were assessed by RT-
qPCR.

4.3. 2.9 RT qPCR analysis

Total RNA was isolated from cells or tissues using the RNAiso Plus
kit (Takara, Shiga, Japan) and then reverse transcribed using the Prime-
Script RT Reagent Kit (Takara). cDNA was quantified using qPCR with
SYBR Premix ExTaq (Takara). The primers used for qPCR were as fol-
lows: GAPDH, forward and reverse, 5’- CCA ATG TGT CCG TCG TGG
ATC T-3’ and 5-GTT GAA GTC GCA GGA GAC AAC C-3’, respectively;
CBIR, forward and reverse, 5’-CTG AGG GTT CCC TCC CGG CA-3’ and
5’-TGC TGG GAC CAA CGG GGA GT-3/, respectively; DAGLa, forward
and reverse, 5’-CAC GAG ATG CTA CGC TAC AAA GA-3’ and 5’- GGC
AGA GAC AAC ACG AGC A-3’, respectively; MAGL, forward and re-
verse, 5-CGG AAC AAG TCG GAG GTT GA-3’ and 5’-TGT CCT GAC TCG
GGG ATG AT-3, respectively; FAAH, forward and reverse, 5’-GCC CTT
CAG AGA GCA GCT CT-3’ and 5-CTT TTC AGC TGA CCG AGG AC-3,
respectively; NAPE-PLD, forward and reverse, 5-CGG CTA TTC CCA
TTG GAG CTT A-3’ and 5’-GCT TGA ACG TCA ATG TGA ATC CTT A-3/,
respectively.
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the open field test. (E) Percentages of time spent in the center of the open field test. (F) Percentages of sucrose consumption in the sucrose preference test. (G)
Immobility in the forced swimming test (FST). *P < 0.05 vs. scramble + CUS; **P < 0.01 vs. scramble + CUS; #P < 0.05 vs. scramble +CUS + rTMS; *#P < 0.01

ys. scramble + CUS + rTMS.

4.4. 2.10 immunohistochemistry

Three weeks after virus injection, rats were deeply anesthetized
with chloralhydrate solution (40 mg/kg) and then perfused with 4%
paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4). Brains
were removed and further fixed in 4% paraformaldehyde overnight and
then transferred to 30% sucrose in PBS. Coronal sections of the entire
hippocampus (16 um) were prepared using a cryostat. For immuno-
fluorescence detection of GFP, brain coronal sections (16 um) were
incubated with primary antibody against NeuN (a neuronal marker)
(ab177487, 1:500, Abcam, Cambridge, UK) at 4°C overnight after
blocking with 5% (w/v) bovine serum albumin (Sigma-Aldrich; Merck
KGaA), followed by incubation with the corresponding Alexa Fluor 405
goat anti-rabbit IgG (A-31556, 1:1000, Invitrogen, Thermo Fisher
Scientific) for 2h at room temperature (23 °C). Astrocytes and neurons
were fixed in 4% paraformaldehyde at 4 °C for 0.5 h. After washes in
PBS, the cells were incubated with mouse anti-GFAP (ab7260, 1:1000,
Abcam) or mouse anti-Tujl (ab78078, 1:500, Abcam) diluted in buffer
(1% w/v bovine serum albumin and 0.3% Triton in PBS), overnight at
4°C. The cells were washed and incubated with fluorescent secondary

antibodies (Alexa Fluor 594 donkey anti-mouse IgG, R37119, 1:1000,
Invitrogen) for 2h and then incubated with DAPI for 20 min to stain
cellular nuclei. All images were captured using an Olympus FV1200
confocal laser-scanning microscope (Olympus, Tokyo, Japan).

4.5. 2.11 Western blot analysis

Western blot analysis was performed according to the standard
protocol (Molecular Cloning, Edition II). Tissues were lysed in a buffer
composed of 62.5mM Tris-HCl, 2% w/v SDS, 10% glycerol, 50 mM
dithiothreitol, and 0.1% w/v bromophenol blue. Protein concentrations
were determined using BCA Protein Assay Kit (Invitrogen; Thermo
Fisher Scientific, Inc.). Then, samples were separated by SDS-PAGE and
transferred onto a PVDF membrane (40 pg of total protein per lane).
After blocking with 5% non-fat dried milk, the membrane was in-
cubated with following primary antibodies: anti-CB1R (ab23703,
1:300, Abcam, Cambridge, UK), anti-DAGLa (ab81984, 1:500, Abcam,
Cambridge, UK), anti-PSD95 (ab18258, 1:1000, Abcam, Cambridge,
UK), anti-SYN (ab6326, 1:1000, Abcam, Cambridge, UK), anti-NAPE-
PLD (ab95397, 1:200, Abcam, Cambridge, UK), anti-MAGL (ab24701,
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Fig. 5. Knockdown of CBIR or DAGLa with short hairpin RNA lentivirus in the hippocampus inhibits the effect of 5 Hz rTMS stimulation on protein expression in
CUS-treated rats. Representative immunoblots and densitometry analysis histograms represent the expression level of (A) SYN, (B) PSD95, (C) CB1R, (D) DAGLa in
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=P < 0.01 vs. scramble + CUS; P < 0.05 vs. scramble + CUS + rTMS; *#P < 0.01 vs. scramble + CUS + rTMS.

1:2000, Abcam, Cambridge, UK), anti-FAAH (ab54615, 1:500, Abcam,
Cambridge, UK) and anti-B-actin antibodies (ab8227, 1:5000, Abcam,
Cambridge, UK). Subsequently, the membranes were incubated with
secondary antibodies (donkey anti-rabbit IgG, 1:10,000, Abcam;
donkey anti-mouse IgG, 1:10,000, Abcam, Cambridge, UK) for 1h at
room temperature. The signals were visualized on Super Signal West
Pico Chemiluminescent Substrate (34,077; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and analyzed with Bio-Rad QuantityOnel-D
Analysis Software (1,709,600; Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

4.6. 2.12 statistical analyses
All data are presented as mean =* standard deviation and were

analyzed with one-way analysis of variance (ANOVA) followed by
Tukey's post hoc test. P < 0.05 was considered statistically significant.

5. 3. Results
5.1. 3.1 5Hz rTMS treatment ameliorated depressive-like behaviors

As shown in Fig. 1, we observed no differences in the total distance
traveled in the OFT among the groups (Fs 44 = 0.2615, P = 0.8527;
Fig. 1B, C), demonstrating that CUS and rTMS treatment did not impair
motor ability in rats. However, significant differences were observed in
distance traveled in the center (Fs 44 = 5.737, P < 0.01; Fig. 1B, D)
and time spent in the center of the OFT (F3 44 = 4.098, P < 0.05;
Fig. 1B, E). Significant differences were also observed in sucrose pre-
ference in the SPT (F5 44 = 4.426, P < 0.05; Fig. 1F) and immobility
times in the FST (F3, 44 = 3.819, P < 0.05; Fig. 1G). CUS significantly
reduced mean sucrose preference in the SPT and significantly increased
mean immobility time in the FST (CUS vs. sham, P < 0.05). In contrast,
5Hz rTMS treatment ameliorated depressive-like behaviors in CUS-
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Fig. 6. Repetitive magnetic stimulation modulates endocannabinoid-related gene expression in hippocampal-derived astrocytes in vitro. (A) Representative micro-
photographs of GFAP immunocytochemical staining for astrocyte identity. (B—F) The mRNA levels of CBIR, DAGLa, MAGL, NAPE-PLD and FAAH after repetitive
magnetic stimulation. (G-K) Representative immunoblots bands and densitometry analysis of protein levels of CB1R, DAGLa, MAGL, NAPE-PLD and FAAH proteins.
Bar: 100 um.*P < 0.05 vs. Control; “*P < 0.01 vs. Control.

treated rats, as evidenced by increased sucrose preference in the SPT sucrose preference and immobility time in the FST (P > 0.05).
(CUS vs. CUS + rTMS-5Hz, P < 0.05) and decreased immobility time
in the FST (CUS vs. CUS + rTMS-5Hz, P < 0.05). There were no sig-
nificant differences between CUS + rTMS-1Hz and CUS groups in
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5.2. 3.2 5 Hz rTMS reversed CUS-induced changes to synaptic
proteins and regulates CB1IR, DAGLa, MAGL, NAPE-PLD, and FAAH
expression in the hippocampus

As shown in Fig. 2, there were significant differences between the
four groups in the expression levels of SYN (F3 44 = 6.299, P < 0.01,
Fig. 2A) and PSD95 (F3 44 = 6.309, P < 0.01, Fig. 2B) proteins in the
hippocampus. Compared with rats in the sham group, rats receiving
CUS stimulation had significantly decreased PSD95 (P < 0.05) and
SYN (P < 0.01) protein levels, while 5Hz rTMS treatment effectively
reversed these changes (CUS + rTMS-5Hz vs. CUS, P < 0.05). There
were significant differences among the four groups in the expression
levels of CB1R (F344 = 6.362, P < 0.01, Fig. 2C), DAGLa
(F3’44 =5.719, P < 0.01, Fig. 2D), MAGL (F3’44 = 5.037, P < 0.05,
Fig. 2E), NAPE-PLD (F544 = 5.295, P < 0.01, Fig. 2F) and FAAH
(F3,44 = 11.72, P < 0.01, Fig. 2G) in the hippocampus. CUS sig-
nificantly decreased the protein levels of CB1R, DAGLa, and NAPE-PLD
(sham vs. CUS, P < 0.01), while 5Hz rTMS treatment significantly
increased levels of these proteins in CUS-treated rats (CUS + rTMS-5 Hz
vs. CUS, P < 0.05). Moreover, CUS significantly increased MAGL and
FAAH (sham vs. CUS, P < 0.05) and 5 Hz rTMS significantly corrected
these expression changes (CUS + rTMS-5Hz vs. CUS, P < 0.05). No
significant differences were observed between CUS + rTMS-1 Hz and
CUS group in the expression levels of the above mentioned proteins.

5.3. 3.3 Hippocampal CBIR or DAGLa knockdown inhibited the anti-
depressant effects of rTMS

As shown in Fig. 3, to elucidate the contribution of ECs to the effects
of rTMS treatment in CUS-treated rats, we knocked-down the mRNAs of
CBIR and 2-AG synthetase DAGLa in the dentate gyrus (DG) of the
hippocampus using bilateral injections of LV-GFP shRNA (shCBI1R,
shDAGLa or scramble, Fig. 3A and B). Lentivirus carrying shRNA and
GFP successfully infected the dentate gyrus and CBIR (scramble vs.
shCBI1R, Fig. 3C) and DAGLa (scramble vs. shDAGLa, Fig. 3D) mRNA
levels were effectively down-regulated.

As shown in Fig. 4, no significant differences in the total distance
traveled in the open-field arena were observed among groups
(Fs3,44 = 0.1710, P = 0.9151, Fig. 4B and C), suggesting that the lenti-
virus injection did not affect motor function. However, significant dif-
ferences in distance traveled in the center (Fs44 = 4.095, P < 0.05,
Fig. 4D) and time spent in the center (F3 44 = 4.614, P < 0.01, Fig. 4E)
of the OFT, sucrose preference in the SPT (F544 = 3.694, P < 0.05,
Fig. 4F), and immobility times in the FST (F344 = 5.131, P < 0.01,
Fig. 4G) were observed. Meanwhile, 5 Hz rTMS treatment (scramble +
CUS + rTMS group) successfully reversed all the changes associated
with CUS. The anti-depressant effects of rTMS were inhibited by CBIR
or DAGLa mRNA knockdown.

5.4. 3.4 Protective effects of rTMS on hippocampal synaptic proteins are
inhibited by downregulation of CB1R or DAGLa

As shown in Fig. 5, shCB1R effectively down-regulated CB1R pro-
tein (F3 44 = 10.27, P < 0.01, Fig. 5C) and shDAGLa« effectively down-
regulated DAGLa protein (Fs 44 = 14.37, P < 0.01, Fig. 5D) levels in
the hippocampus and eliminated the effects of 5 Hz rTMS treatment on
the expression of SYN (F344 = 11.74, P < 0.01, Fig. 5A) and PSD95
(F344 = 9.342, P < 0.01, Fig. 5B) in CUS-treated rats. Compared with
those in the scramble + CUS + rTMS group, protein levels of PSD95
and SYN were down-regulated in the shCBIR + CUS + rTMS group
(shCB1R + CUS + rTMS vs. scramble + CUS + rTMS, P < 0.05) and
shDAGLa + CUS+ rTMS group (shDAGLa + CUS + rTMS vs. scramble
+ CUS + rTMS, P < 0.05).
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6. 3.5 rMS modulates ECS-related gene expression in hippocampal
cells in vitro

To investigate the effects of rMS on cells, primary cultured astro-
cytes and neurons were treated with rMS using different stimulus
parameters in vitro. As shown in Fig. 6, there were significant differ-
ences between the groups with different stimulus parameters in the
expression of CB1R (Fy4, 35 = 6.117, P < 0.01, Fig. 6B; F4 35 = 5.477,
P < 0.05, Fig. 6G), DAGLa (Fs, 40 = 3.393, P < 0.05, Fig. 6G; F4,
35 = 5.255, P < 0.05, Fig. 6H), MAGL (F4; 35 = 4.068, P < 0.05,
Fig. 6D; F4, 35 = 6.305, P < 0.01, Fig. 6I) and FAAH (F,, 35 = 8.669,
P < 0.01, Fig. 6F; F4, 35 = 10.20, P < 0.01, Fig. 6K). However, there
were no significant differences in the expression of NAPE-PLD (F,,
35 = 0.5884, P = 0.6761, Fig. 6F; Fe, 49 = 0.4649, P = 0.7604, Fig. 6J).
Compared with that in the control group, the expression level of CB1IR
increased in astrocytes stimulated with 5Hz/0.84 T and 5Hz/1.26 T
(P < 0.05); the expression level of DAGLa increased markedly in as-
trocytes stimulated with 1Hz/0.84T, 5Hz/0.84T and 5Hz/1.26 T
(P < 0.05) and the expression level of MAGL decreased in astrocytes
stimulated with 1Hz/1.26 T (P < 0.05). Moreover, the expression
level of FAAH increased markedly in astrocytes stimulated with 1 Hz/
0.84T, 1Hz/1.26 T, 5Hz/0.84 T and 5Hz/1.26 T (P < 0.05).

Furthermore, we evaluated the effects of magnetic stimulation on
ECS-related gene expression in primary cultured neurons. As shown in
Fig. 7, there were significant differences between groups in expression
of CBIR (F435 = 23.53, P < 0.01, Fig. 7B; F435 = 16.59, P < 0.01,
Fig. 7G), DAGLa (F435 = 4.193, P < 0.01, Fig. 7C; F435 = 6.397,
P < 0.01, Fig. 7H), MAGL (F435 = 6.837, P < 0.01, Fig. 7D; F4,
35 = 0.1626, P =0.9526, Fig. 7I), NAPE-PLD (F, 55 = 4.615,
P < 0.05, Fig. 7E; F435 = 5.686, P < 0.05, Fig. 7J), and FAAH
(F4’35 =9.688, P < 0.01, Fig. 7F; F4)35 =5.78, P < 0.01, Fig. 7K).
Compared with that in the control group, the expression level of CB1IR
decreased in neurons stimulated with 1 Hz/0.84 T (P < 0.05) but in-
creased in neurons stimulated with 5Hz/0.84T and 5Hz/1.26 T
(P < 0.05); that of DAGLa increased in neurons stimulated with 5 Hz/
0.84T (P < 0.05) and that of MAGL was not affected by magnetic
stimulation. Moreover, the expression level of FAAH increased after
stimulated with 1Hz/0.84T (P < 0.05) and that of NAPE-PLD de-
creased after stimulated with 1 Hz/1.26 T (P < 0.05).

7. 4. Discussion

The present study investigated the effects of 5Hz or 1 Hz rTMS on
depressive-like behaviors and expression of hippocampal synapse-re-
lated proteins in CUS-treated rats, as well as the influence of rMS (5 or
1Hz, 0.84 or 1.26 T) on the expression of DAGLa, MAGL, NAPE-PLD,
FAAH, and CB1R in hippocampal-derived astrocytes and neurons. We
also investigated whether the activation of the ECS, specifically CB1R
and DAGLa, was involved in the antidepressant effects of rTMS. The
major findings of our study are as follows: (1) 5Hz but not 1 Hz rTMS
ameliorated depressive-like behaviors induced by CUS; (2) the expres-
sion of PSD95, SYN, NAPE-PLD, CB1R, and DAGLa increased in the
hippocampus of CUS-treated rats following 5 Hz rTMS treatment; con-
versely, the expression of MAGL and FAAH decreased after rTMS
treatment; (3) CB1R and DAGLa knockdown by shRNA in the hippo-
campus eliminated the benefits of 5 Hz rTMS; (4) 5 Hz rMS elevated the
expression of DAGLa and CB1R in hippocampal-derived astrocytes and
neurons. These data indicate that the activation of the ECS in the hip-
pocampus is involved in the antidepressant effects of 5 Hz rTMS treat-
ment.

The hippocampus regulates emotion and susceptibility to chronic
stress through its connections with the amygdala and limbic hypotha-
lamic-pituitary-adrenal axis (Joshi et al. 2016). Previous studies suggest
variations in structural and synaptic plasticity of the hippocampus re-
flect clinical state and are related to treatment responses in depression
(Bannerman et al. 2014; Duman et al. 2016). For instance, a decrease in
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hippocampal volume has been reported in first-episode depression,
especially in chronically-depressed patients (MacQueen et al. 2003;
McKinnon et al. 2009). Further, these effects are influenced by the
number of prior depressive episodes (Videbech and Ravnkilde 2004).
Existing data suggest that pharmacotherapy protects against disease-
related hippocampal volume reductions. Restoration of hippocampal
synaptic plasticity may thus be a cellular mechanism underlying the
beneficial effects of antidepressants and enriched environments on
depression-associated cognitive deficits (Betry et al. 2015; Mahati et al.
2016). The regulation of plasticity in the hippocampus by rTMS at
different frequencies has been reported previously (Lenz et al. 2016). A
recent study suggests that high frequency rTMS (5 Hz) facilitates spatial
cognition and synaptic plasticity in the hippocampus of Wistar rats
(Shang et al. 2016), and lateralized hippocampal volume was increased
following high frequency left prefrontal rTMS in patients with major
depression (Hayasaka et al. 2017). In addition, high frequency rTMS
ameliorated depressive-like behaviors and inhibited hippocampal neu-
ronal apoptosis in a rat model of depression (Zhao et al. 2018). Fur-
thermore, low frequency rTMS enhanced spatial learning and synaptic
plasticity in a rat model of vascular dementia (Yang et al. 2015) and
modulated hippocampal structural synaptic plasticity including SYN,
Growth associated protein-43, and PSD95 in aging mice (Ma et al.
2014). Low frequency rTMS (0.5Hz, 15days) also increased hippo-
campal expression of SYN relative to that in normal rats (Li et al. 2019).
Considering these observations, we selected CUS as a model of de-
pression and evaluated the anti-depressant effects and protein expres-
sion of PSD95 and SYN in the hippocampus—which are two synaptic
markers involved in modulation of synaptic strength and plasticity
(Schnell et al. 2002) following different frequencies of rTMS treatment.
Our data revealed that 5Hz rTMS ameliorated CUS-induced decreases
in distance traveled in the central area and time spent in the central
area in the OFT, sucrose preference in the SPT, and increased im-
mobility time in the FST. In addition, the expression of PSD95 and SYN
was decreased in CUS-treated rats, and these changes were reversed by
5Hz rTMS. In contrast, depressive-like behaviors and decreased ex-
pression of PSD95 and SYN were unchanged following 1 Hz rTMS
treatment, suggesting that 5Hz rTMS is an effective therapy for de-
pression, and its beneficial effects are related to protecting hippocampal
plasticity.

Growing evidence suggests that hippocampal synaptic plasticity is
regulated by the ECS (Wilson and Nicoll 2001). 2-AG is produced al-
most exclusively by DAGLa and mediates retrograde synaptic sup-
pression in the central nervous system (Tanimura et al. 2010). More-
over, 2-AG plays an important role in the stress response and negative
feedback (Di et al. 2016). Importantly, blocking 2-AG hydrolysis with
the MAGL inhibitor JZ1.184 produced antidepressant-like effects and
enhanced adult hippocampal neurogenesis and synaptic plasticity in
CUS-treated mice (Zhang et al. 2015). AEA, another endogenous ligand,
is also involved in hippocampal synaptic plasticity (Kim and Alger
2010). Consistent with these results, our data revealed that 5 Hz rTMS
but not 1 Hz reversed CUS-induced decrease in expression of PSD95,
Syn, NAPE-PLD, DAGLa, and CB1R, as well as CUS-induced increase in
expression of MAGL and FAAH in the hippocampus. Furthermore, mi-
croinjections of DAGLa/CB1R-shRNA in the DG before rTMS inhibited
its protective effects on hippocampal plasticity and abolished its anti-
depressant-like effects, suggesting that 2-AG generation and CB1R ac-
tivation play a crucial role in the antidepressant effects of 5 Hz rTMS. In
contrast, recent work indicates that CB2Rs mediate cell type-specific
self-inhibitory plasticity in CA3/CA2 which acts complementary to
presynaptic CB1R (Stempel et al. 2016). However, the present study did
not investigate the effects of rTMS on the activation of CB2R or the
involvement of AEA in the anti-depressant effects of 5 Hz rTMS, which
would provide greater insight into the validity of our hypothesis.

The biological effects of rTMS are dependent on the parameters,
duration of treatment, and experimental design (Galletly et al. 2012;
Herrmann and Ebmeier 2006). A previous study reported that high-
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frequency rTMS was more effective than low-frequency rTMS for
treating depression (Speer et al. 2009) and increased SYN mRNA
transcription when compared with low-frequency rTMS in the rat brain
(Lee et al. 2014). However, it was observed that both high-frequency
and low-frequency rTMS yielded significant antidepressant effects in a
genetic rat model of depression (Hesselberg et al. 2016). In contrast,
another study reported that low-frequency rTMS enhanced structural
synaptic plasticity, but high-frequency stimulation decreased the sur-
vival rate of hippocampal neurons (Grehl et al. 2015). Nevertheless, our
data indicated that the antidepressant effects of 5 Hz rTMS superseded
those of 1 Hz rTMS and were related to the regulation of DAGLa/CB1R
expression in the hippocampus. The biological effects of other para-
meters of rTMS, such as intensity and duration of treatment, require
further investigation. Furthermore, the present study revealed that with
the same treatment duration and stimulus times, rMS at 5 Hz elevated
the expression of DAGLa and CBI1R in hippocampal-derived astrocytes
and neurons. Thus, we speculate that different frequencies and in-
tensities may induce different biological effects on ECS activation, and
5 Hz rMS may be more suitable than 1 Hz rMS for the activation of the
ECS. Nevertheless, the precise mechanism underpinning this is elusive
and necessitates further investigation.

In conclusion, we demonstrated that 5 Hz but not 1 Hz rTMS treat-
ment ameliorated depressive-like behaviors and impairments in ex-
pression of hippocampal synapse-related proteins after exposure to CUS
in rats. In addition, 5 Hz rTMS increased the expression of NAPE-PLD,
CB1R, and DAGLa; and decreased the expression of MAGL and FAAH in
the hippocampus of CUS-treated rats. Moreover, 5 Hz rMS, especially at
the intensity of 0.84 T, elevated the expression of DAGLa and CBIR in
hippocampal-derived astrocytes and neurons. Notably, microinjections
of shDAGLa or shCB1R in the hippocampus before 5 Hz rTMS abolished
its therapeutic effects. However, the effects of rTMS on the activation of
CB2R and the direct influence of DAGLa or CB1R knockout on de-
pressive-like behaviors remain unclear. Further studies are required to
explore the detailed signaling cascades underlying the regulation of the
ECS after rTMS treatment.
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