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Abstract

Paired associative stimulation is a relatively new non-invasive brain stimulation technique that combines transcranial magnetic stimulation
and peripheral nerve stimulation. The effects of paired associative stimulation on the excitability of the cerebral cortex can vary according
to the time interval between the transcranial magnetic stimulation and peripheral nerve stimulation. We established a model of cerebral
ischemia in rats via transient middle cerebral artery occlusion. We administered paired associative stimulation with a frequency of 0.05 Hz
90 times over 4 weeks. We then evaluated spatial learning and memory using the Morris water maze. Changes in the cerebral ultra-struc-
ture and synaptic plasticity were assessed via transmission electron microscopy and a 64-channel multi-electrode array. We measured
mRNA and protein expression levels of brain-derived neurotrophic factor and N-methyl-D-aspartate receptor 1 in the hippocampus using
a real-time polymerase chain reaction and western blot assay. Paired associative stimulation treatment significantly improved learning and
memory in rats subjected to cerebral ischemia. The ultra-structures of synapses in the CAl area of the hippocampus in rats subjected to
cerebral ischemia were restored by paired associative stimulation. Long-term potentiation at synapses in the CA3 and CA1 regions of the
hippocampus was enhanced as well. The protein and mRNA expression of brain-derived neurotrophic factor and N-methyl-D-aspartate
receptor 1 increased after paired associative stimulation treatment. These data indicate that paired associative stimulation can protect cog-
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nition after cerebral ischemia. The observed effect may be mediated by increases in the mRNA and protein expression of brain-derived
neurotrophic factor and N-methyl-D-aspartate receptor 1, and by enhanced synaptic plasticity in the CA1 area of the hippocampus. The
animal experiments were approved by the Animal Ethics Committee of Tongji Medical College, Huazhong University of Science & Tech-

nology, China (approval No. TJ-A20151102) on July 11, 2015.
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Introduction

Stroke is the second leading cause of death and the third
most frequent cause of physical disability worldwide, rep-
resenting a substantial burden in terms of morbidity and
mortality (Sousa et al., 2017). Ischemic stroke accounts for
approximately 80% of all strokes (Truelsen et al., 2003). Ce-
rebral ischemia results in complex pathophysiological chang-
es that include excitotoxity, ionic imbalances, and oxidative
stress. It eventually leads to the loss of neurons and synaptic
dysfunction (Quillinan et al., 2016). As a result, most stroke
survivors exhibit persistent motor deficits and cognitive
disorders that seriously affect their quality of life and carry a
heavy economic burden for families and society (Cumming
et al., 2013). Effective treatments to improve the functional
recovery of stroke patients are urgently needed.

In recent years, a series of non-invasive brain stimulation
(NIBS) techniques have been developed to modulate cortical
excitability, neural plasticity, and human behaviour (Takeu-
chi and Izumi, 2012; Wessel et al., 2015; Gunduz et al., 2017;
Henrich-Noash et al., 2017; Faulkner and Wright, 2018).
Among them, the most common and widely used are tran-
scranial direct current stimulation, tran-scranial magnetic
stimulation (TMS), and paired associative stimulation (PAS).
As NIBS can help decrease or increase the excitability of the
contralesional or ipsilesional hemisphere, depending on the
parameters of the NIBS protocol, NIBS may be particularly
efficacious in restoring balance in individuals with impaired
interhemispheric inhibition after stroke (Boddington and
Reynolds, 2017).

PAS is a relatively new NIBS technique, developed by Ste-
fan et al. (Stefan et al., 2000). The original PAS protocol in-
volved two paired stimuli: low frequency electrostimulation
of a peripheral nerve and TMS of the motor cortex. When
the two stimuli are timed so that the sensory input from the
peripheral nerve reaches the primary motor area shortly be-
fore TMS, PAS potentiates regional cortical excitability that
outlasts the stim-ulation period. Since the after-effects of PAS
are timing-dependent, long-lasting, and input-specific, and
that they can be blocked by N-methyl-D-aspartate receptor
(NMDAR) antagonists, PAS is likely to reflect systemic long
term potentiation (LTP)-like plasticity (Stefan et al., 2002).
LTP has been acknowledged as a cellular basis for learning
and memory (Bear and Malenka, 1994). Some researchers
have demonstrated that PAS can accelerate the recovery of
motor function after stroke (Shin et al., 2008; Castel-Lacanal
et al,, 2009; Rogers et al., 2011). Experimental treatments us-
ing PAS have often concentrated on reducing motor injury,
however cognitive impairment is a common stroke sequela

that has received less scholarly attention. Studies have shown
that the changes induced by repetitive TMS (rTMS) are not
limited to the stimulated region, but also arise in distant
areas through functional anatomical connections (Zhang et
al., 2015). PAS targeting M1 has also been found to affect the
remote premotor area, insula, and perhaps other regions via
altered neurotransmission (Michou et al., 2015).

In the present study, we investigated the effects of PAS on
the hippocampus, as this area is most vulnerable to isch-
emia and neurodegeneration (Lee et al., 2010). We evaluated
PAS-induced changes in spatial learning and memory in rats
exposed to a model of cerebral ischemia. We also examined
synaptic plasticity in the hippocampus, including struc-
tural and functional plasticity, as well as the expression of
NMDARI and brain-derived neurotrophic factor (BDNF) to
explore the underlying mechanisms.

Materials and Methods

Animals

All of the animal experiments were approved by the Animal
Ethics Committee of Tongji Medical College, Huazhong
University of Science & Technology, China (approval No.
TJ-A20151102) on July 11, 2015. Forty-five 7-week-old male
Sprague-Dawley (SD) rats weighing 230 + 10 g each were
purchased from Hunan SJA Laboratory Animal Co., Ltd.,
Changsha, China (licence No. SCXK (Xiang) 2016-0002)
and housed under specified pathogen-free (SPF) conditions.
The rats were randomly divided into a sham operation group
(sham, n = 15), a transient middle cerebral artery occlusion
group (tMCAO, n = 15), and a PAS-treated group (tMCAO
+ PAS, n = 15). All of the rats received tMCAO except those
in the sham group. We conducted PAS in the PAS group 24
hours after the surgery, and administered no special inter-
ventions in the sham and tMCAO groups. The overall sched-
ule of the experiments is depicted in Figure 1A.

Transient middle cerebral artery occlusion procedure

The rats were anesthetized via an intraperitoneal injection
containing 10% chloral hydrate (300 mg/kg) (Si-nopharm
Chemical Reagent Co., Ltd., Beijing, China). The right
middle cerebral artery was then occluded for 90 minutes
followed by reperfusion in accordance with Longa’s meth-
od (Longa et al., 1989). After re-covering from anaesthesia,
each rat was returned to its cage and given free access to
food and water. During the operation, rectal temperature
was maintained at 37 + 0.5°C with a heating lamp. For the
sham group, only the external carotid artery was ligated. An
observer blind to the experimental conditions assessed the
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neurological status of each rat 24 hours after surgery using
the methods described by Longa et al. (1989). The total
score ranged from 0 to 4, and only rats in the tMCAO group
(excluding those in the sham operation group) with scores
ranging from 1 to 3 were included in the experiments. Those
displaying signs of subarachnoid haemorrhage or meningeal
irritation were excluded from subsequent experiments.

Paired associative stimulation intervention

The rats in the PAS group were immobilized 24 hours after
the operation in a fixation apparatus appropriate to their
size, with their heads, limbs, and tails outside of the appara-
tus. Ninety pairs of stimuli were delivered. These consisted
of an electrical stimulation delivered to the left tibial nerve
followed by TMS at 0.05 Hz over the right hemisphere at
the optimal site for activating the soleus muscle. The paired
stimulation was repeated once every 24 hours for 4 weeks.
TMS was delivered using a customized YRDCCY-IV mag-
netic stimulator (Yiruide Medical Equipment Co. Ltd.,
Wuhan, China) with a figure-eight coil. The inter-pair and
inter-stimulus intervals were 20 seconds and 15 ms, respec-
tively, as these have been found in previous experiments to
increase cortical excitability in control rats (Zhang et al.,
2018). The intensity of the electrical stimulation was 6 mA
and the intensity of the TMS was 120% of the resting mo-
tor threshold, as per previous studies by Stefan et al. (2000,
2002). The resting motor threshold was defined as the min-
imum stimulus intensity needed to obtain a motor evoked
potential with an amplitude > 20 uV in at least 5 of 10 con-
secutive trials. The intensity was measured before the PAS
treatment and kept constant throughout the experiment. To
avoid any diurnal variations in the efficacy of PAS, we con-
ducted all experiments between 9:00 a.m. and 11:00 a.m. The
experimental protocol is summarized in Figure 1B.

Spatial learning and memory testing

We used a Morris water maze to quantify spatial learning
and memory abilities (Morris, 1984). A black, circular water
pool (150 cm in diameter with walls 50 cm high) (Chinese
Academy of Sciences, Beijing, China) was filled to a depth
of 20 cm with water kept at 23 + 2°C. The water pool was
divided into four quadrants, and a cylindrical platform was
placed in the centre of the target quadrant such that it was
submerged 2 cm beneath the surface. The testing procedures
have been previously described (Xia et al., 2017). On days
23-28, we subjected each rat to 2 daily four-place naviga-
tion trials (6 consecutive days). The time required to find
the platform (escape latency) was recorded, with a limit of
60 seconds. If a rat failed to reach the platform within 60
seconds, it was guided to the platform and permitted to stay
there for 10 seconds, and the escape latency was recorded as
60 seconds. We considered long escape latencies to represent
weak learning ability. We also conducted a spatial probe
test. On day 29, the platform was removed and the rats were
released in the quadrant opposite the quadrant where the
platform had been. We recorded the number of times the
rats crossed the quadrant where the platform had been pre-
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Figure 1 The experimental schedules and the design of the paired
associative stimulation (PAS) treatment.

(A) The overall schedule of the experiments. (B) The experimental pro-
tocol: We delivered 90 pairs of stimuli, consisting of electrical stimuli
delivered to the left tibial nerve, followed by TMS at 0.05 Hz applied
over the right hemisphere at the optimal site for activating the soleus
muscle. The interpair interval was 20 seconds and the inter-stimulus
interval (ISI) was 15 ms. The intensity of the electrical stimulation was
6 mA, and the intensity of the TMS was 120% of the resting motor
threshold (RMT). The experiment was always conducted between 9:00
a.m. and 11:00 a.m. tMCAO: Transient middle cerebral artery occlu-
sion; TEM: transmission electron microscopy; LTP: long term potentia-
tion; RT-PCR: real-time polymerase chain reaction.

viously located within a 60-second period. We considered a
low frequency of crossing the former platform quadrant to
indicate weak memory ability. All data were automatically
recorded by a computerized video system (Chengdu Tech-
nology & Market Co., Chengdu, China).

Long-term potentiation assay

After 4 weeks of behavioural testing, as described above, the
rats were sacrificed, their brains were resected, and slices of
the hippocampus were prepared using standard techniques
described previously (Oka et al., 1999). The rats were anes-
thetized by intraperitoneal injection of 10% chloral hydrate
(350 mg/kg) and the entire brain was quickly and carefully
removed from the skull. The brains were immediately im-
mersed for approximately 1 minute in ice-cold, oxygenated
(95%0,-5%CO0,) artificial cerebrospinal fluid (pH 7.4)
containing (in mM concentrations) NaCl 125, NaHCO, 26,
KClI 3, MgCl,-6H,0 1.0, NaH,PO,2H,0 1.2, CaCl, 2.0, and
glucose 10. The brains were then sectioned with a DTK-1500
vibratome (Dosaka, Kyoto, Japan). The thickness of each tis-
sue slice was 300 pm. The slices from the hippocampus were
incubated in oxygenated artificial cerebrospinal fluid for a
minimum of 1 hour at room temperature before undergoing
testing with a multi-electrode array.

For the multi-electrode array, 64 microelectrodes (60
pm X 60 pm each) were arranged in an 8 x 8 array with an
inter-polar distance of 150 um. Procedures for preparing
the MED64 multi-electrode dish (Panasonic, MED probe,
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Japan) were as described previously (Oka et al., 1999). The
surface of the dish was treated with 0.1% polyethylenimine
in 25 mM borate buffer (pH 8.4) overnight at room tempera-
ture before use to ensure sufficient adhesion of the slice to
the surface of the probe. A slice was placed upon the MED64
probe in such a manner that the CA3 and CA1 areas of the
hippocampus were covered by the recording dish installed
upon the stage of an inverted image microscope. Once the
slice was settled, a fine-mesh anchor was carefully positioned
to stabilize the slice during recording. During the whole pro-
cess of electrophysiological recording, the slice was continu-
ously perfused with oxygenated fresh artificial cerebrospinal
fluid at 2-3 mL/min via a peristaltic pump. A microphoto-
graph of one hippocampal slice positioned on the MED64
probe is shown in Figure 2A.

Twenty minutes after positioning a slice, we selected one
of the 64 available planar microelectrodes to stimulate the
Schaffer collateral axons in the CA3 region. The microelec-
trodes monitoring the hippocampal CA1 region were used
to record extracellular field potentials. The stimulus inten-
sity was set to elicit field excitatory postsynaptic potentials
(fEPSPs) with a slope that was approximately 30% of the
maximum de-termined from the input-output curve. After
obtaining a stable fEPSP recording for 30 minutes, we used
theta burst stimulation (TBS) (10 bursts at 5 Hz, with 4 puls-
es at 100 Hz in each burst) to induce LTP (He et al., 2009).
We then continuously recorded fEPSPs for 60 minutes after
the stimulation. There were five rats in each group and we
recorded from one brain slice from each rat. The data were
analysed off line using the MED64 system (Alpha MED
Sciences, Tokyo, Japan). To quantify any long-term potenti-
ation, the amplitudes of the field potentials were normalized
and expressed as a percentage of the averaged baseline value.

Ultrastructure of the hippocampal CA1 area

We used Pellegrino’s three-dimensional map of the rat brain
as a guide when resectioning about 1 mm x 1 mm x 1 mm
pieces of the hippocampal CA1 area on the ischemic side
of each hippocampus (n = 5 each group). The samples were
immediately fixed in a solution of 4% formaldehyde and
1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2
hours at room temperature and then post-fixed in 2.5% os-
mium tetroxide in 0.1 M phosphate buffer for 1 hour. After
that, they were dehydrated in graded ethanol and embedded
in Epon 812 resin. Sections 70 to 80 nm thick were sliced us-
ing an LKB-V microtome (Bromm, Sweden). The slices were
double-stained with uranyl acetate for 15-30 minutes and
then lead citrate for 3—15 minutes and photographed under
an H-300 transmission electron microscope (TEM) (Hitachi
Electronic Instruments, Japan). The brain tissue from each
rat was photographed at six non-overlapping areas. We as-
sessed the synaptic ultrastructure with the help of version 6.0
of Image Pro Plus image analysis software (Media Cybernet-
ics, MD, USA). We observed the curvature of synaptic inter-
faces, the width of synaptic clefts, the length of the synaptic
active zones, and the thickness of the zone of post-synaptic
density. All of these features are commonly interpreted as
reflecting changes in synaptic structure (Xia et al., 2017).

Protein expression assay

To further study the molecular mechanisms of PAS in im-
proving learning and memory function and en-hancing
synaptic plasticity, we examined the expression of BDNF and
NMDARLI via western blot assay. Total protein was extracted
from the ipsilateral hippocampi of the different groups of rats
(n =5 in each group). Briefly, 500 mg of hippocampal tissue
was lysed in ice-cold lysis buffer containing 50 mM Tris-HCI
(pH 7.5), 1% Triton X-100, 150 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride, and phosphatase inhibitors (Sigma,
St. Louis, MO, USA). The lysates (50 pg) were separated
using 8% or 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels, transferred to a polyvinylidene difluo-
ride membrane, and blocked with 5% bovine serum albumin
for 1 hour at room temperature. Primary antibodies in the
blocking buffer were poured onto the polyvinylidene diflu-
oride membrane and held overnight at 4°C. We used rabbit
anti-BDNF (1:2000; Abcam, Cambridge, MA, USA) and rab-
bit anti-NMDARI1 (1:1000; Abcam). Blots were then washed
five times in tris-buffered saline Tween-20 buffer and incu-
bated with a horseradish peroxi-das-labelled goat anti-rabbit
secondary antibody (1:5000; Bioworld, Wuhan, China) for
2 hours at 37°C. Finally, the polyvinylidene difluoride was
washed again with tris-buffered saline Tween-20 five times
and protein bands were visualized using an enhanced che-
miluminescence system (Thermo, Waltham, MA, USA) with
imaging capability. The levels were quantified with the help
of Gel-Pro Analyzer 4.0 software (Media Cybernetics, Rock-
ville, MD, USA). The results were normalized to the quantity
of B-actin (1:200; Bioworld, Wuhan, China) in each sample
lane. All assays were performed at minimum in triplicate.

mRNA expression assay

The total RNA was extracted from the ipsilateral hippo-
campal tissue samples using TRIZOL reagent (Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions. 1 pg of the total RNA was then reverse-tran-
scribed into cDNA with the M-MLV First-Strand cDNA
Synthesis Kit (Invitrogen). The details of the polymerase
chain reaction technique have been previously described
(Ma et al.,, 2014). The reactions were carried out in triplicate
using the StepOne Real-Time polymerase chain reaction
system (Life Tech-nologies, Grand Island, NY, USA) in a 20
uL reaction mixture. The polymerase chain reaction primers
were synthesized by Sangon Biotech in Shanghai. The primer
nucleotide sequences are shown in Table 1. The B-actin gene
served as an internal reference. We determined the relative
expression of BDNF and NMDARI via the 27*“" method, as
described previously (Livak and Schmittgen, 2001).

Statistical analysis

All of the data are presented as the mean + standard devia-
tion (SD). Statistical significance was analysed using version
18.0 of the SPSS statistical software package (SPSS, Chicago,
IL, USA). The results were analyzed via a one-way analysis of
variance followed by Fisher’s least significant difference test
in which all groups were compared with the sham group. A
value of P < 0.05 was considered statistically significant.
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Table 1 Primers for B-actin, BDNF, and NMDARI genes in a
real-time polymerase chain reaction

Product length

Gene name Primer sequences (5-3) (bp)
B-Actin F: 5-CAC GAT GGA GGG GCC GGA CTC ATC-3' 240
R: 5-“TAA AGA CCT CTA TGC CAA CAC AGT-3'
BDNF F: 5- CTG GAT GAG GAC CAG AAG GTT-3' 278
R: 5-GGA TTG CAC TTG GTC TCG TAG C-3'
NMDAR1 F:5-AAG TAT GCG GAT GCG GTG ACT-3' 413

R: 5-CAA AAG CCG TAG CAT CAC TGA-3'

BDNEF: Brain-derived neurotrophic factor; NMDARI: N-methyl-D-
aspartate receptor 1; F: forward; R: reverse.

Results

Paired associative stimulation improves spatial cognition
in rats with cerebral ischemia

Compared with the sham group, the mean escape latency to
reach the hidden platform was significantly prolonged and
the platform quadrant crossing frequency was markedly
reduced in the tMCAO group (P < 0.01). This indicates that
the rats in the tMCAO group were cognitively impaired. Fol-
lowing PAS treatment, the mean escape latency significantly
decreased (P < 0.01, vs. tMCAO group) and the platform
quadrant crossing frequency significantly increased (P < 0.01,
vs. tMCAO group), although these values were still lower
than those in the sham group. These results indicate that PAS
treatment can significantly ameliorate impaired learning and
memory after cerebral ischemia in rats (Figure 3).

Paired associative stimulation alters the ultrastructure of
hippocampal neurons in rats with cerebral ischemia

We examined ultrastructural changes in hippocampal CA1
area neurons in each group using transmission electron
microscopy (Figure 4). In the tMCAO group, we observed
synapses that had a damaged structure, decreased number

A B

of synaptic vesicles, and a higher number of vacuoles com-
pared with the sham group. This damage appeared to have
been alleviated in the PAS group compared with the tMCAO
group as the synapses had more regular forms. The synap-
tic structure parameters of the three groups are shown in
Figure 4. Compared with the sham group, the curvature of
synaptic interfaces, the lengths of synaptic active zones, and
the thickness of the zones of post-synaptic density in the
tMCAO group were significantly lower (P < 0.05). After the
PAS treatment, the lengths of the synaptic active zones and
the thicknesses of the zones of post-synaptic density were
significantly higher (P < 0.05). However, we found no dif-
ference in the average width of the synaptic cleft among the
three groups (P > 0.05).

Paired associative stimulation alleviates impaired
long-term potentiation in rats with cerebral ischemia

We tested the effects of PAS on tMCAO-induced LTP
impairment via hippocampal slices and the 64-channel
multi-electrode array. After stabilization of the baseline, we
recorded activity during a 30-minute control period and
then delivered TBS to induce LTP. In the sham group, the
TBS resulted in a notable increase in fEPSP amplitude, which
then remained stable during a further 60-minute period (208
+ 11.6%). Schaffer collateral-CA1 synapses were severely
impaired in the tMCAO group (103 + 6.4% post-TBS during
60 minutes vs. the sham group, P < 0.01). We found that
although TBS induced an immediate significant increase in
fEPSP (179 £ 7.7%), the amplitudes showed a constant rate
of decay over time and had reached the pre-stimulation level
by the end of the recording session (81 + 15.4% at 55 to 60
minutes post-TBS vs. 96 £ 1.1% pre-TBS, P < 0.05). Notably,
PAS restored the LTP impaired by the surgery (138 + 6.0%
post-TBS during 60 minutes vs. tMCAO group, P < 0.05),
although LTP never reached control levels (PAS group vs.
sham group, P < 0.01; Figure 2B-D).

Sham tMCAO PAS
Pre-TBS Pre-TBS Pre-TBS
Figure 2 Effects of paired associative
stimulation (PAS) on the recovery of
long-term potentiation.

PostTBS PoStTBS PostTBS (A) Light photomicrograph showing the
location of the MED probe on a slice. (B)
Typical field excitatory postsynaptic poten-
tial (fEPSP) traces at 5 min pre-theta burst
0.2mv stimulation (TBS) and at 55 min post-TBS
s5ms in each group. (C) The normalized fEPSP
C amplitudes before and after the TBS. (D)
Sham D 250 The average percent change in fEPSP am-
300  tMCAO plitude within 60 min after TBS. Each value
PR PAS §§ 200 " represents mean + SD of the normalized
22 200 58 150 * fEPSP amplitudes (n = 5 slices from 5 rats
g2 58 o for each group). **P < 0.01, vs. sham group;
(n:g 100 %:g 100 #P < 0.05, vs. tMCAO group (one-way
o = g analysis of variance followed by Fisher’s
- o TBS least significant difference test). tMCAO:
230 =20 -10 0 10 20 30 40 50 60 Sham MCAC PAS Transient middle cerebral artery occlusion;

Time (min)

1972

min: minute(s).



Hu Y, Guo TC, Zhang XY, Tian ], Lu YS (2019) Paired associative stimulation improves synaptic plasticity and functional outcomes after
cerebral ischemia. Neural Regen Res 14(11):1968-1976. doi:10.4103/1673-5374.259618

A
I I 1 I il
11 v Jits v 11
Sham tMCAO PAS
B C
60 6
- ** £
el o
& 40 s o
> s
* 20 8 2
Q [}
© [}
2 E
w =
0 0
Sham tMCAO PAS Sham
Sham tMCAO
A
B 15 C
o 30
58 * *“ E
17 E 1.0 —
o2 o & 20
5E 28
T2 5o
5205 =3 10
o5 g
" >
[
0
Sham tMCAO PAS Sham

O
m

m
o
<)

500
*#

o

o

*
@
o

(o2}
o

= N W »
o O
o o

o
o

Thickness of
post-synaptic density (nm)
IS
o

N
o

Length of synaptic
active zone (nm)

o
o

Sham tMCAO PAS Sham

Paired associative stimulation upregulates protein and
gene expression of hippocampal brain-derived
neurotrophic factor and N-methyl-D-aspartate receptor 1
in rats with cerebral ischemia

The protein expression of BDNF in the tMCAO group was
significantly higher than that in the sham group (P < 0.01),
and NMDARI protein expression was lower than that in the
sham group (P < 0.01; Figure 5A). Rats in the PAS group
exhibited higher average BDNF and NMDARI expression
levels than those in the tMCAOQ group (P < 0.01). To exam-
ine whether the observed altered expression levels were due
to changes at the mRNA level, we performed real-time poly-

Figure 3 Effects of paired associative

stimulation (PAS) on cognitive
v impairment in rats with cerebral
ischemia.
(A) Typical traces from the Morris water
maze tests. (B) The average time taken for
the rats to reach the platform (average es-
cape latency). (C) The number of times the
rats crossed the area where the platform
had been previously located within 60
seconds in the spatial probe test. Data are
expressed as the mean + SD (n = 10 rats for
each group). **P < 0.01, vs. sham group;
##P < 0.01, vs. tMCAO group (one-way
analysis of variance followed by Fisher’s
least significant difference test). tMCAO:
Transient middle cerebral artery occlusion.

##

ok

tMCAO PAS

PAS

Figure 4 Effects of paired associative
stimulation (PAS) on the ultra-structure
and synaptic structure parameters in

the hippocampal CA1 area of rats with
cerebral ischemia.

(A) Ultra-structure of hippocampal CA1
area (transmission electron, x15,000). (B—
E) Synaptic structure parameters in the
it hippocampal CA1 area. The results are ex-
pressed as the mean + SD (n = 30 pieces in
each group). *P < 0.05, vs. sham group; #P
< 0.05, vs. tMCAO group (one-way analysis
of variance followed by Fisher’s least sig-
nificant difference test). tMCAQ: Transient
middle cerebral artery occlusion.

tMCAO PAS

tMCAO PAS

merase chain reaction analysis on samples of hippocampal
tissue. The mRNA expression levels of BDNF and NMDAR1
in the different groups were consistent with those of the cor-
responding proteins. Those results show that the mRNA lev-
el of BDNF in the tMCAO group was higher than that in the
sham group (P < 0.01) and that the NMDARI mRNA level
was lower than that in the sham group (P < 0.01; Figure 5B).
Thus, PAS significantly upregulated mRNA expression of
BDNF and NMDARLI in the hippocampus.

Discussion
Ischemic stroke normally impacts both sensorimotor and
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cognitive function. tMCAO is considered to be a conve-
nient, reproducible, and reliable way to model the effects of
ischemic stroke in rodents, and the technique is widely used
to investigate the characteristics of ischemic stroke and to
explore potential therapeutic interventions (Mhairi Macrae,
1992). Previous studies have shown that tMCAO can induce
progressive impairments in spatial learning and memory (Li
et al,, 2013). After PAS treatment, we found that the escape
latency decreased significantly and the number of target
quadrant crossings increased in the water maze test. This
indicates that spatial learning and memory ability improved
following PAS.

Synaptic plasticity is the cellular basis of memory for-
mation and cognition. It involves morphological plasticity
and changes in transmission efficacy. When we measured
morphological changes using a transmission electron mi-
croscope, we found a decrease in synaptic strength and a re-
duction in neuronal activity after tMCAO. This suggests that
cognitive decline that occurs as a result of cerebral ischemia
is correlated with a decrease in the activity of hippocampal
neurons. The efficacy of synaptic transmission can be eval-
uated according to changes in electrical activity both in vivo
and in vitro. LTP in the hippocampus is considered to be a
major electrophysiological indicator of the efficacy of syn-
aptic transmission, and thus cognition. Multiple electrode
arrays, first described by Thomas et al. (Thomas et al., 1972),
allow extracellular electrophysio-logical recording (Hofmann
and Bading, 2006; Steidl et al., 2006). Compared with con-
ventional electro-physiology techniques, the use of multiple
electrode arrays is advantageous in that it causes less damage
to neurons, thus allowing longer-term observation, and it
also enables steady recording of electrophysiological activity
at many sites within one slice (Morin et al., 2005; Hofmann
and Bading, 2006; Steidl et al., 2006). Such electrode arrays
have been widely used in recent LTP studies (Liu et al,,
2016). In the present study, our data indicate that focal ce-
rebral ischemia impairs synaptic plasticity in the hippocam-
pus. This is consistent with the observations of numerous
other researchers (Li et al., 2012). Thus, our data suggest that
PAS can partially rescue LTP impairment, at least in rats af-
ter tMCAO.

Synaptic plasticity and cognitive ability rely on specific
proteins, neurotransmitters, receptors, and mes-senger mol-
ecules in neurons as well as in synapses (Sheng and Kim,
2002). BDNF plays a crucial part in the activity-dependent
regulation of synaptic structure and synaptic transmission
(Waterhouse and Xu, 2009). It plays a major role in inducing
LTP and is implicated in learning and memory (Guo et al.,
2014). BDNF-gene knockout or knockdown mice display
damaged spatial learning and memory (Heldt et al., 2007).
Several studies have confirmed that transient ischemia can
rapidly upregulate BDNF expression in the hippocampus,
a phenomenon thought to participate in protection and the
recovery of function after stroke (Dmitrieva et al., 2016). In-
travenous BDNF treatment after ischemia was shown to im-
prove long-term functional neurological outcomes (Schabitz
et al.,, 2007). NMDARs are glutamate-gated cation channels
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important for learning and memory formation (Bliss and
Collingridge, 1993). NMDARI, an NMDAR subtype, has the
full functionality of NMDARs and is distributed intensively
in the hippocampus (Behe et al., 1995; Rebola et al., 2010).
NMDARs play a dual role in cerebral ischemia (Wang et al.,
2010). In the acute phase, they mediate amino acid cyto-
toxicity and neuron damage that impairs cognition. In the
chronic phase, when amino acid cytotoxicity is no longer
observed, further damage may be related to a reduction in
NMDARSs, thus inducing dysfunctional synaptic transmis-
sion. The mechanisms underlying the loss of NMDARs in
the chronic phase are not fully understood. Some researchers
believe that the reduction may be a neuroprotective response
against glutamate neurotoxicity (Li et al., 2013). In any case,
the NMDAR agonist D-cycloserine was found to significantly
improve somatosensory and cognitive function in a rat mod-
el of stroke 24 hours after t MCAO (Dhawan et al., 2011).

In this study, we investigated the possible molecular
mechanisms by which PAS influences LTP. Specifically, we
measured mRNA as well as BDNF and NMDARI protein
levels in the hippocampus. Our findings are consistent with
those of several previous studies showing that BDNF protein
and gene expression increase significantly after tMCAO,
while NMDARI1 decreases significantly (Dhawan et al., 2010;
Dmitrieva et al., 2016). After PAS, BDNF and NMDARI1
expression was reinforced, and this was accompanied by res-
toration of LTP and enhanced cognitive ability. PAS also in-
creased levels of BDNF and NMDAR1 mRNA in the hip-po-
campus, suggesting that PAS modulates BDNF and NMDAR
expression via a mechanism that regulates transcription.
BDNF is mediated by glutamate receptors including NMDA
and non-NMDA receptors. When activation of NMDAR
increases BDNF gene expression, BDNF can then increase
the frequency with which NMDA receptor channels open
to phosphorylate the NMDARI subunit of NMDA (Yamada
and Nabeshima, 2004). When NMDARSs are activated, calci-
um ion permeation into cells increases. Calcium ions further
ac-tivate intracellular calcium-dependent enzymes, which
lead to a series of biochemical processes that pro-mote LTP,
change the efficiency of synaptic transmission, and improve
cognition. In summary, our data suggest that the therapeutic
effects of PAS on cognition might partially be due to en-
hanced synaptic plas-ticity and increases in the expression
of BDNF and NMDARI in the hippocampus of rats. To our
knowledge, this is the first study to investigate the effect of
PAS on cognitive ability and synaptic plasticity. Our findings
represent a theoretical basis for the development of clinical
PAS in the treatment of poststroke cognitive dysfunction.
However, our study had several limitations. Firstly, factors
other than BDNF and NMDAR may also have contributed to
the therapeutic effect of PAS on cognitive dysfunction, and
were not explored in this study. Secondly, the detailed signal-
ling pathway that regulates BDNF and NMDARI expression
was not explored. Thirdly, as learning and memory is a com-
plex process, it still remains a problem to fully translate our
experimental results to human conditions. In future work,
we plan to investigate synaptic plasticity after PAS more pre-
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cisely on the molecular level, and the additional underlying
mechanisms.
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Figure 5 Effect of paired associative stimulation (PAS) on the protein (A) and mRNA (B) expression of brain-derived neurotrophic factor
(BDNF) and N-methyl-D-aspartate receptor 1 (NMDARI1) in the hippocampus of rats with cerebral ischemia.

Protein and mRNA expression measured in terms of relative optical density to f-actin. The results are expressed as the mean + SD (n = 5 rats in
each group). **P < 0.01, vs. sham group; ##P < 0.01, vs. tMCAO group (one-way analysis of variance followed by Fisher’s least significant difference

test). tMCAO: Transient middle cerebral artery occlusion.

Rogers LM, Brown DA, Stinear JW (2011) The effects of paired asso-
ciative stimulation on knee extensor motor excitability of individuals
post-stroke: a pilot study. Clin Neurophysiol 122:1211-1218.

Schabitz WR, Steigleder T, Cooper-Kuhn CM, Schwab S, Sommer C,
Schneider A, Kuhn HG (2007) Intravenous brain-derived neuro-
trophic factor enhances poststroke sensorimotor recovery and stim-
ulates neurogenesis. Stroke 38:2165-2172.

Sheng M, Kim M]J (2002) Postsynaptic signaling and plasticity mecha-
nisms. Science 298:776-780.

Shin HI, Han TR, Paik NJ (2008) Effect of consecutive application
of paired associative stimulation on motor recovery in a rat stroke
model: a preliminary study. Int ] Neurosci 118:807-820.

Sousa LVA, Paiva LDS, Figueiredo FWDS, Almeida TCDC, Oliveira
FR, Adami F (2017) Trends in stroke-related mortality in the ABC
region, Sao Paulo, Brazil: an ecological study between 1997 and 2012.
Open Cardiovasc Med J 11:111-119.

Stefan K, Kunesch E, Cohen LG, Benecke R, Classen J (2000) Induction
of plasticity in the human motor cortex by paired associative stimu-
lation. Brain 123 Pt 3:572-584.

Stefan K, Kunesch E, Benecke R, Cohen LG, Classen J (2002) Mecha-
nisms of enhancement of human motor cortex excitability induced
by interventional paired associative stimulation. J Physiol 543:699-
708.

Steidl EM, Neveu E, Bertrand D, Buisson B (2006) The adult rat hippo-
campal slice revisited with multi-electrode arrays. Brain Res 1096:70-
84.

Takeuchi N, Izumi S (2012) Noninvasive brain stimulation for motor
recovery after stroke: mechanisms and future views. Stroke Res Treat
2012:584727.

Thomas CA, Jr., Springer PA, Loeb GE, Berwald-Netter Y, Okun LM
(1972) A miniature microelectrode array to monitor the bioelectric
activity of cultured cells. Exp Cell Res 74:61-66.

1976

Truelsen T, Mahonen M, Tolonen H, Asplund K, Bonita R, Vanuzzo D,
WHO MONICA Project (2003) Trends in stroke and coronary heart
disease in the WHO MONICA Project. Stroke 34:1346-1352.

Wang F, Geng X, Tao HY, Cheng Y (2010) The restoration after repeti-
tive transcranial magnetic stimulation treatment on cognitive ability
of vascular dementia rats and its impacts on synaptic plasticity in
hippocampal CA1 area. ] Mol Neurosci 41:145-155.

Waterhouse EG, Xu B (2009) New insights into the role of brain-de-
rived neurotrophic factor in synaptic plasticity. Mol Cell Neurosci
42:81-89.

Wessel MJ, Zimerman M, Hummel FC (2015) Non-invasive brain
stimulation: an interventional tool for enhancing behavioral training
after stroke. Front Hum Neurosci 9:265.

Xia WG, Zheng CJ, Zhang X, Wang J (2017) Effects of “nourishing liver
and kidney” acupuncture therapy on expression of brain derived
neurotrophic factor and synaptophysin after cerebral ischemia reper-
fusion in rats. ] Huazhong Univ Sci Technol Med Sci 37:271-278.

Yamada K, Nabeshima T (2004) Interaction of BDNF/TrkB signaling
with NMDA receptor in learning and memory. Drug News Perspect
17:435-438.

Zhang N, Xing M, Wang Y, Tao H, Cheng Y (2015) Repetitive transcra-
nial magnetic stimulation enhances spatial learning and synaptic
plasticity via the VEGF and BDNF-NMDAR pathways in a rat model
of vascular dementia. Neuroscience 311:284-291.

Zhang XY, Sui YE, Guo TC, Wang SH, Hu Y, Lu YS (2018) Effect of
paired associative stimulation on motor cortex excitability in rats.
Curr Med Sci 38:903-909.

P-Reviewers: Casini G, Borkun JM; C-Editor: Zhao M; S-Editors: Yu J,
Li CH; L-Editors: Koke S, Yu ], Song LP; T-Editor: Jia Y



