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Effects of intra-dentate gyrus microinjection
of myokine irisin on long-term potentiation in
male rats

Efeitos da microinjecao da miocina irisina no giro denteado sobre a potenciacao a longo
prazo em ratos machos

Saeed MOHAMMADI', Shahrbanoo ORYAN™?, Alireza KOMAKI3, Akram EIDI', Mohammad ZARE®

ABSTRACT

Induction of long-term potentiation (LTP) increases the storage capacity of synapses in the hippocampal dentate gyrus (DG). Irisin is a
myokine generated from FNDC5 (a gene precursor) during exercise. Although intra-cornu ammonis 1 administration of irisin fortifies LTP in
mice with Alzheimer’s disease, the effects of intra-DG injection of irisin on the LTP in rats remains to be elucidated in vivo. In this study, male
Wistar rats were randomly divided into a control group (saline), irisin (0.5, 1,and 1.5 pg/rat), and dimethyl sulfoxide (DMSQ). After treatment,
the population spike (PS) amplitude and slope of excitatory postsynaptic potentials (EPSP) were measured in the DG of rats in vivo. Moreover,
following completion of the experiments, the stimulating and recording sites in the hippocampus were confirmed histologically from brain
sections. Furthermore, biochemical assays like malondialdehyde (MDA), total antioxidant capacity (TAC), and total oxidant status (TOS) were
evaluated (the antioxidant markers were analyzed in the plasma). Our results suggest that all doses of irisin (0.5, 1, 1.5 pg/rat) caused an
increase in the EPSP slope and PS amplitude when compared with the control group. In addition, the results obtained showed that irisin
decreased TOS and MDA levels while increasing TAC levels as a marker of lipid peroxidation in plasma. The present report provides direct
evidence that irisin affects the activity-dependent synaptic plasticity in the dentate gyrus.
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RESUMO

Ainducao de potenciacéo de longo prazo (LTP) aumenta a capacidade de armazenamento das sinapses no giro denteado (DG) do hipocampo.
Alirisina € uma miocina gerada a partir do FNDC5 (um precursor genético) durante o exercicio. Embora a administracao intra-Cornu Ammonis’
de irisina fortaleca a LTP em camundongos com doenca de Alzheimer, os efeitos da injecéo intra-denteada de irisina sobre a LTP em ratos
ainda precisam ser elucidados in vivo. Neste estudo, ratos Wistar machos foram divididos aleatoriamente em um grupo controle (solucao
salina), irisina (0,5, 1 e 1,5 pg / rato) e dimetilsulféxido (DMSO). Apds o tratamento, a amplitude do pico populacional (PS) e a variagéo dos
potenciais pds-sinapticos excitatérios (EPSP) foram medidos no DG de ratos in vivo. Além disso, apds a conclusao das experiéncias, os locais
de estimulacao e registro no hipocampo foram confirmados histologicamente a partir de seccoes do cérebro. Adicionalmente, ensaios
bioguimicos como malondialdeido (MDA), capacidade antioxidante total (TAC) e status oxidante total (TOS) foram avaliados (os marcadores
antioxidantes foram analisados no plasma). Nossos resultados sugerem que todas as doses de irisina (0,5, 1, 1,6 pg / rato) causaram um
aumento na variacdo da EPSP e na amplitude da PS quando comparadas com o grupo controle. Além disso, os resultados obtidos mostraram
que a irisina diminuiu os niveis de TOS e MDA, enquanto aumentou os niveis de TAC como um marcador da peroxidacao lipidica no plasma. O
presente estudo fornece evidéncias diretas de que a irisina afeta a plasticidade sinaptica dependente de atividade no DG.

Palavras-chave: Giro denteado; plasticidade neuronal; potenciacao de longa duracao.

The hippocampus has long been considered important  modification in synaptic efficiency. In particular, two forms
for learning and memory storage. It is generally believed  of synaptic plasticity, long-term potentiation (LTP) and long-
that most information is stored in synapses in the form of  term depression (LTD), have been broadly considered in the
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pursuit of understanding the molecular and cellular basis
of learning and memory. In a previous study, Farmer et al.
showed that exercise produced enhanced neurogenesis and
LTP in the dentate gyrus (DG) of adult male Sprague-Dawley
rats in vitro®. Physical exercise improves mental health by
improving cognitive function and memory in neurological
and psychiatric disorders such as depression, epilepsy, stroke,
and Parkinson's disease. However, the underlying molecu-
lar mechanisms explaining the benefit of exercise remain
unknown®. Myokine is secreted from the muscle fibers dur-
ing physical exercise. It has been reported that myokine may
be transported to organs through the circulatory system,
revealing a mechanism through which it could reach the
central nervous system. Irisin, a myokine that is secreted in
the form of a protein called fibronectin type III domain con-
taining 5 (FNDC5), induces brain-derived neurotrophic fac-
tor (BDNF) expression in the brains of rats. Pigment epithe-
lium-derived factor, growth differentiation factor 11, vascular
endothelial growth factor A, and fibroblast growth factor 21
have also been reported to be active in the nervous system®.
Additionally, interleukin-6, a major compound of myokine,
has been reported to play a critical role in the nervous sys-
tem®. This suggests that there is a connection between myo-
kines and the nervous system.

Irisin, named after the Greek goddess Iris, is a novel and
multifunctional therapeutic hormone-like myokine. This
peptide (112 amino acid residue) is isolated from the FNDC5
gene®. According to Wrann et al.’, expression of irisin affected
by exercise increases in the hippocampus formation, particu-
larly in the DG. It is now clear that irisin can increase levels of
BDNF and other growth factors, stimulate neurogenesis and
increase resistance to brain insult®. Irisin may prevent cogni-
tive deficits in the rat brain that are due to oxidative stress.
Oxidative stress not only refers to the imbalance between the
cellular production of reactive oxygen species and the anti-
oxidant mechanisms that remove them but is also responsi-
ble for neuronal damage and degeneration in brain disorders,
including stroke, epilepsy, and Alzheimer’s disease’. Emerging
evidence has indicated that oxidative stress impairs mem-
ory-related synaptic plasticity™.

It is noteworthy that irisin, like BDNF, belongs to the myo-
kines. The FNDC5/irisin stimulates the expression of BDNF in
the hippocampus, a brain region centrally involved in learn-
ing and memory. This raises the possibility that FNDC5/irisin
could play a neuroprotective role in brain'. Moreover, previ-
ous studies have shown that administration of BDNF not only
reduced oxidative stress but also modulated the outcome of
a saturated fat diet on synaptic plasticity and cognition in
rats' In continuation of our previous studies about the benefi-
cial effects of irisin on spatial and passive-avoidance learning
and memory’, in the present investigation we evaluated the
hypothesis that FNDC5/irisin could be a key mediator of the
beneficial effects of exercise on synaptic plasticity in addition
to the interplay between irisin and oxidative stress in male rats.
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METHODS

Animals

A total of 50 male Wistar rats (aged 10-11 weeks) with a
mean weight of 280 + 15 g (range, 255-300 g) were supplied by
Hamadan University of Medical Sciences and kept in a 12:12
hour light/dark cycle with access to water and food ad libi-
tum (with the exception of testing periods) at 22 + 2°C. In a ran-
dom manner, 10 rats were allocated to the dimethyl sulfoxide
(DMSO), irisin (0.5, 1, and 1.5 pg/rat), and control groups. The
University Ethics Committee approved all the procedures in this
study (approval number: IR.UMSHA.REC.1396.231), which were
consistent with the National Institutes of Health guidelines.

Drugs prescription

The DMSO, irisin/FNDC5 (human recombinant, purity by
SDS-PAGE = 95%, mol wt 13 kDa), and urethane (ethyl car-
bamate) were purchased from Sigma-Aldrich Corporation
(St. Louis, MO; USA). Irisin (0.5, 1, and 1.5 pg/rat) was dis-
solved in DMSO (the final DMSO concentration in the diluted
working solution was 0.04%) and micro-injected into the DG.
In addition to the irisin groups, the rats received either saline
or DMSO in other groups. All doses were chosen on the basis
of a previous experiment report®.

Surgical procedures, electrophysiological
recordings, and LTP induction

Following an intraperitoneal injection of urethane
(15 g/kg; 250 mg urethane/1 ml sterile water; supplemental
injection if necessary) for inducing anesthesia in rats, a ste-
reotaxic apparatus was used for surgical procedures. Using a
shielded heating pad, the body temperature of animals was
kept at 37.0 + 0.2°C during surgery". After exposing the skull, in
the lateral perforant path (PP), a bipolar stimulation electrode
(concentric; diameter 125 um), which was Teflon-insulated
except for the tips, was inserted based on the Paxinos and
Watson Atlas (4.3 mm lateral to the midline, 8.1 mm posterior
to the bregma, and 3.2 mm ventral below the skull surface)".
Moreover, by lowering a bipolar electrode into the DG region
(3.8 mm posterior and 2.3 mm lateral to the bregma and mid-
line, respectively), the maximum field excitatory postsynaptic
potential (EPSP) was determined (2.7-3.2 mm ventral). Using
electrophysiological response monitoring in the DG, optimal
ventral placement was achieved after single-pulse stimulation
of the PP™®. By changing the stimulation intensity and measur-
ing the average of five responses per intensity, we plotted an
input/output response curve. For the following stimulations,
we used a stimulus intensity that could trigger a field potential
of 50% of maximum response. After using single stimuli for at
least half an hour, response monitoring was carried out; every
10 seconds a stimulus was presented. The field EPSP slopes
were 20-80% of the peak amplitude.

The LTP induction was performed as soon as a sta-
ble response baseline was achieved for at least 20 minutes,



based on the high-frequency stimulation protocol (400 Hz;
10-second inter-burst interval; 10 bursts of 20 stimuli; and
0.2 ms stimulus duration) at stimulus intensity, producing
almost 50% of maximum response for the PS amplitude and
EPSP slope. For evaluating the synaptic response of neurons
in the DG region, PS and EPSP were measured at 5, 30, and 60
minutes post-high-frequency stimulation. Within 10-second
stimulus intervals, the average of 10 consecutive responses
was measured at each time point.

The eTrace package (www.sciencebeam.com) was used
to describe the stimulus features. In addition, a current
isolator unit (model A365; World Precision Instruments)
was employed before PP transfer. Next, the potential field
response was filtered (1 Hz-3 kHz) in the DG region after
passing through a preamplifier for maintaining amplification
(1000x; DAM 80, World Precision Instruments) (Figure 1).
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Figure 1. The excitatory postsynaptic potentials (EPSP) slope
and population spike (PS) amplitude in the lateral perforant
path-dentate gyrus (DG) synapses of the field potential
sample traces in the control animal: (A) The arrows depict
the PS and EPSP slope; (B) Stimulated field potential sample
traces are shown in the DG region in the groups before and
after high-frequency stimulation.

Histology

The recording and stimulating hippocampal sites
were histologically confirmed after the experiments.
Generally, the electrode location influences electrophys-
iological responses. The histological results were con-
firmed by electrophysiological findings, indicating the
stimulating electrode location in the PP. The electrode
location was confirmed independently. Finally, deep
anesthesia was induced using urethane, and the animals
were perfused with formal-saline 10% (the fixative solu-
tion, prepared by dissolving 8.5 g of sodium chloride in
900 ml of distilled water and mixed with 100 ml of 40%
formaldehyde) through the heart. For the histological
analysis, hematoxylin and eosin staining was applied for
the coronal 50-um brain sections. A researcher blinded
to the results of experiments confirmed the location of
the electrode tip (Figure 2).

Biochemical analysis

At the end of the study, 5 mL of blood was taken from the
right ventricle of the heart by cardiac puncture, transferred
into heparinized tubes, and centrifuged at 3000 rpm for 10
minutes at 4°C. Plasma measurements were performed for
malondialdehyde (MDA), total oxidant status (TOS), and
total antioxidant capacity (TAC).

A Stimulation
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Trace of recording
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Figure 2. (A) A schematic drawing of the experimental design
with stimulating electrode positioned in the perforant path
and recording electrode positioned in the dentate gyrus.
Paxinos and Watson, adapted'. (B) A photomicrograph
illustrating the recording and stimulating electrode tip
placement in a sagittal hippocampal segment. The recording
electrode traces are on the left side, and stimulating electrode
traces are on the right side. DG: dentate gyrus; CA1: cornu
ammonis-1; CA3: cornu ammonis-3; ML: molecular layer; GCL:
granular cell layer, scale bar: 0.5 mm.
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Evaluation of lipid peroxides

To measure the serum levels of lipid peroxides, thiobar-
bituric acid reactive substance assay was used, based on a
method described in the literature'. In this assay, after add-
ing the serum or standard solution (250 pL) to 20% trichlo-
roacetic acid (2.5 mL), they were mixed with 0.67% thiobar-
bituric acid (1 mL). The mixture was heated for half an hour
at 100°C and then placed on ice, followed by vigorous vor-
tex mixing using n-butanol (4 mL). A spectrophotometer
was used to determine the upper organic layer absorbance
at 535 nm after centrifugation for 20 minutes at 3000xg;
then, comparisons were made with a standard curve of
1,1,3,3-tetraethoxypropane.

TAC measurement

The ferric-reducing ability of plasma (FRAP) was evalu-
ated for TAC measurements'. For this purpose, the FRAP
reagent (1.5 mL; 10:1:1 ratio; 300 mmol/L of acetate buffer,
10 mmol/L of 4,6-tripyridyl-S-triazine in 40 mmol/L of HCI,
and 20 mmol/L of FeCl, at 37°C) was mixed with 50 uL of the
standard and test samples and then vortexed; absorbance
was evaluated at 593 nm. The blank was considered as the
reagent without the added standard or sample. The assay was
carried out in a 0-4 minute reaction time window at 37°C.

TOS measurement

For the measurement of serum TOS, we used a method
from the literature™. For this purpose, the samples (35 pL)
were mixed with reagent 1 (225 pL), including 140 mM of
NaCl, 1.35 M glycerol, and 150 pM of xylenol orange in 25 mM
H,S0O, solution. A spectrophotometer was used to measure
absorbance as a sample blank at 560 nm. Incubation was
performed for three to four minutes after adding 11 pL of
reagent 2, consisting of o-Dianisidine and ferrous ion (10 and

5 mM, respectively) in 25 mM H,SO, solution. Finally, absor-
bance at 560 nm was recorded. Data are presented as pmol
H,0, equivalent/L. The detection limit, which is the mean
level of TOS in the zero calibrator plus three standard devia-
tions, was measured to be 1.13 umol H,O, equivalent/L after
repeated evaluation of the zero calibrator (10 times).

Data analysis

For data analysis, two-way ANOVA and Tukey's tests were
performed in SPSS version 16 (SPSS Inc, USA) at a signifi-
cance level of 0.05.

RESULTS

Effects of irisin on EPSP slope and PS

After PP stimulation, the recordings of field potential were
collected for granular cells in the DG region. The LTP induc-
tion was achieved through high-frequency stimulation of PP.
Figure 3 indicates the impact of irisin on the LTP of EPSP slope,
in addition to the PS amplitude. The groups were significantly
different regarding the EPSP slope [F (4.40)= 11.25, p < 0.001].
The EPSP slope changed significantly (p < 0.001) between the
control and high-dose irisin (1.5 pg/rat) groups. Moreover, the
EPSP slope was significantly different (p < 0.01) between the
controls and the group receiving 1 pg/rat of irisin. Similarly,
the control rats and the rats receiving 0.5 pg of irisin showed
significant differences (p < 0.05) (Figure 3).

In addition, these groups were significantly different in
the PS amplitude [F (4.40) = 42.39, p < 0.001], whereas the
control and DMSO groups showed no significant difference
(p > 0.05). The findings revealed that the irisin groups (0.5, 1,
and 1.5 pg/rat) were significantly different from the control
group in terms of PS amplitude (p < 0.05, p < 0.05, p < 0.001,
respectively) (Figure 4).
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Figure 3. The effect of irisin on long-term potentiation (LTP) induction after perforant path stimulation. The groups showed a
significant difference regarding the LTP of the excitatory postsynaptic potential slope in cell synapses. Values are expressed as
the mean percentage of baseline (+ SEM). *p < 0.05, **p < 0.01, ***p < 0.001 vs. controls.
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Figure 4. Time-dependent changes after irisin treatment in response to perforant path stimulation. Regarding the long-term
potentiation (LTP) of population spike (PS) amplitude, the groups were significantly different. Values are presented as mean
percentage of baseline + standard error of the mean (SEM). ANOVA and Tukey’s test were applied for comparisons (*p < 0.05,

**p <0.01,***p <0.001 vs. controls).

Effects of irisin on TOS, TAC, and MDA

In the medium-dose (1 pg/rat; p < 0.01) and high-dose
(1.5 pg/rat; p < 0.01) irisin groups, a lower TOS and a higher
TAC were recorded compared with controls. In addition,
groups receiving medium (1 pg/rat; p < 0.05) and high irisin
doses (1.5 pg/rat; p < 0.01) were significantly different from
the controls in the MDA level. The Table shows the serum
levels of TAC, TOS, and MDA in the groups.

DISCUSSION

An important finding from this study was that irisin pro-
duced a significant increase in the ability to induce LTP in the
DG in addition to decreasing levels of oxidative biomarkers in
adult male rats.

An earlier research showed that irisin administration in
Alzheimer’s mouse models can rescue synaptic plasticity and
new object recognition memory. Furthermore, Lourenco et
al. have shown that bilateral intrahippocampal infusion of
recombinant irisin (75 pmol per site) prevented amyloid-
oligomer-induced impairment in new object recognition and
fear conditioning memory*.

In agreement with these prior works, we found that direct
intra-dentate gyrus administration of irisin reinforced both
PS amplitudes and EPSP slopes in male rats; however, there
were some differences between current studies compared
with the previous study by Lourenco et al.”’. In the present
study, irisin was directly micro-injected into the DG of Wistar
rats but, in the research by Lourenco et al., irisin was admin-
istered into the cornu ammonis-type 1 (CAl) slices from
mouse models of Alzheimer’s disease.

These findings show that irisin administration can
directly fortify LTP in dentate gyrus as well as the hippocam-
pus CAl area. Also, in the present work, irisin increased the
EPSP slope at 5, 30, and 60 minutes but, in the prior research,
the EPSP slope was increased only at 120 minutes after intra-
CAl injection of irisin. The EPSP slopes time differences
between the present study and prior research may be clear
evidence that irisin, when micro-injected directly into the
dentate gyrus, can enhance LTP better than intra-CAl injec-
tion. Another interesting study showed that micro-injection
of BDNF (a myokine) mediated LTP (the EPSP slope intensi-
fied at 30 minutes after a single stimulus) in mouse®, which
is in line with the current study; however, the latter study
administered BDNF intracerebroventricularly in female

Table. Plasma parameters of total antioxidant capacity (TAC), malondialdehyde (MDA), and total oxidant status (TOS) of rats; TAC
(mmol Trolox equivalent/L), MDA (nmol/mL), and TOS (umol H202 equivalent/L). Data are expressed as mean + standard error of

the mean (SEM). n = 8 per group.

Variable Control Irisin (0.5mg/rat) Irisin (1mg/rat) Irisin (1.5mg/rat)
MDA 0.0543 +£0.0231 0.0631 £0.0022 0.03019 £0.0071* 0.01717 £0.0011**
TAC 0.2122+0.0126 0.2244 +0.0046 0.4732 £ 0.0025** 0.6333 £ 0.0037**
TOS 1.315+ 0.0451 11331 £0.0040 0.546 + 0.0678** 0.452 £ 0.0419**

Mohammadi S et al. Effects of irisin on LTP 885
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rats. Gulyaeva et al.?! showed that inhibition of cathepsin-B/
myokine considerably reduced or fully blocked LTP in the
CALl region and was, therefore, essential for LTP, as well as
enhancing expression of BDNF in adult hippocampal progen-
itor cells in mice?. In this investigation, although cathepsin-
B increased the EPSP slope at 30 minutes, at 60 minutes the
EPSP slope decreased, which contrasts with our study out-
comes because after microinjection of irisin, the EPSP slope
at every moment (5-60 minutes) increased.

Irisin is discarded after physical action and released into
the bloodstream®. Wrann et al.’, showed that exercise train-
ing raised FNDC5 in the hippocampus of mouse. Moreover,
in their study, it was well established that the precursor for
irisin, FNDC5, crossed the blood-brain barrier where it could
be transformed into irisin’. Interestingly, FNDC5 was recently
shown to mediate beneficial central nervous system effects
of exercise training by up-regulating BDNF concentrations in
special areas of the hippocampus, such as the DG". As stated
earlier, BDNF plays an important role in synaptic plastic-
ity. In addition, BDNF has engaged as a target gene of cyclic
AMP response element binding protein (CREB) and may be
involved in exercise-induced neurogenesis in the DG. The
N-methyl-D-aspartate receptor may also be involved in this
signal transduction pathway because its activation has been
found to regulate CREB phosphorylation® Consistently, iri-
sin can enhance synaptic connections and neuronal develop-
ments in the hippocampus by affecting the BDNF system?.

Lourenco et al.”, also found that recombinant irisin in
similar mechanisms stimulated the cAMP-protein kinase
A (PKA)-CREB pathway in human cortical slices, a path-
way that plays important roles in memory formation and
has been found to be impaired in Alzheimer’s disease mod-
els. Irisin-induced CREB phosphorylation was suppressed
by PKA inhibition with myristoylated protein kinase inhibi-
tor 14-22, a selective PKA inhibitor. They also found that PKA
activity mediated protection against nuclear translocation
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