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In recent years, it has been shown that central nervous system agents, such as antidepressants and antiepileptic
drugs, reopen a critical period in mature animals. Fingolimod, which is used for the treatment of multiple
sclerosis, also restores neuroplasticity. In this study, we investigated the effects of parvalbumin (PV)-positive
neurons and perineuronal nets (PNN) on fingolimod administration with respect to neuroplasticity. Fingolimod
was chronically administered intraperitoneally to mature mice. PV-positive neurons and PNN in the hippo-
campus, prefrontal cortex, and somatosensory cortex were analyzed. An increase in PV-positive neurons was

observed in the hippocampus, prefrontal cortex, and somatosensory cortex of the fingolimod-treated mice. An
increase in Wisteria floribunda agglutinin-positive PNN was confirmed in mice treated with fingolimod in the
somatosensory cortex only. Fingolimod increased the density of PV-positive neurons in the brains of mature
mice. The results indicate that fingolimod may change the critical period in mature animals.

Introduction

When the brain experiences and learns, neural networks change their
structure and function according to the activity to reproduce the
behavior, a property known as brain plasticity (Kolb et al., 2017). The
critical period (CP) of development is characterized by enhanced
neuronal plasticity (Jeanmonod et al., 1981). The critical period occurs
early during postnatal development and is short-lived (Fagiolini et al.,
2009). In recent years, the possibility of reopening CP has been
demonstrated in mature animals (Nabel and Morishita, 2013; Begum
and Sng, 2017). It has been reported earlier that central nervous system
(CNS) agents, such as antidepressants and antiepileptic drugs, increase
neuroplasticity (Nabel and Morishita, 2013; Begum and Sng, 2017). For
example, antidepressants promote hippocampal neurogenesis (Malberg
et al., 2000; Santarelli et al., 2003) and increase brain-derived neuro-
trophic factor (BDNF) signaling through the tropomyosin-related kinase
B (TrkB) receptor (Bjorkholm and Monteggia, 2016; Saarelainen et al.,

2003).

Fingolimod, a sphingosine-1 phosphate (S1P) receptor antagonist
used for the treatment of multiple sclerosis (Brinkmann et al., 2010), has
also been reported to increase BDNF (Fukumoto et al., 2014) signaling
and promote neurogenesis (Efstathopoulos et al., 2015). It is a synthetic
structural analog of sphingosine, which is phosphorylated by sphingo-
sine kinase (SPHK) in vivo. Upon phosphorylation, it can activate all S1P
receptors (S1PR) except SIPR2. Neurons express S1P1 and S1P3, as-
trocytes express S1P1 and S1P2 and oligodendrocytes express S1P1 and
S1P5 (Blaho and Hla, 2014). Since fingolimod can cross the blood-brain
barrier (BBB), it has potential effects on the cells of the CNS such as
neurons, astrocytes, microglia, and oligodendrocytes (Blaho and Hla,
2014). Therefore, we focused on fingolimod therapy.

Fast signaling GABAergic interneurons are involved in the plasticity
of the visual system during CP (Maffei et al., 2006; Yazaki-Sugiyama
et al.,, 2009). Recent studies have shown that parvalbumin (PV)
expression is a reliable surrogate for cell function and that the intensity
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of cortical PV staining is correlated with an experience-dependent de-
gree of plasticity (Rowlands et al., 2018; Donato et al., 2013). In addi-
tion, perineuronal nets (PNN) are extracellular matrix containing
structures that regulate plasticity. They preferentially deposit around
PV-positive neurons in an activity-dependent manner (Dityatev et al.,
2007; Favuzzi et al., 2017).

PV is a calcium-buffering protein that regulates synaptic plasticity
over a short period of time (Caillard et al., 2000). Perisomatic inhibition
by PV-positive neurons regulates pyramidal neuron spikes and network
oscillations through feedforward and feedback inhibition (Sun et al.,
2014; Sohal et al., 2009). Importantly, changes in the PV network
configuration interfere with experience-dependent plasticity mecha-
nisms in the brain and are associated with motor learning deficiencies
(Donato et al., 2013). It has been suggested that fast spike-mediated
neurons are involved in the development of cortical ocular dominance
and ocular dominance plasticity in juvenile mice (Smith and Bear, 2010;
Yazaki-Sugiyama et al., 2009).

The extracellular matrix (ECM) in the CNS is composed of hyaluronic
acid, tenescin-R, glycoprotein, and chondroitin sulfate proteoglycan
(Maeda, 2015). In the mature CNS, ECM molecules are disseminated as
nerve granules or as PNN, which is a concentrated reticulated structure
(Maeda, 2015). PNN form a network-like structure that covers the cell
body, axon initial segment, and proximal dendrite of a specific neuron in
the CNS (Slaker et al., 2016). Multiple PNN form around PV-positive
neurons, which are GABAergic interneurons (Carulli et al., 2010;
Deepa et al., 2006).

The purpose of this study was to investigate the effect of chronic
fingolimod administration on the formation of PV-positive neurons and
PNN involved in neuroplasticity. In this study, we focused on the hip-
pocampus, somatosensory cortex, and prefrontal cortex of mice. The
findings of our study may provide an opportunity to develop therapeutic
approaches for the recovery of brain plasticity post-maturity.

Materials and Methods
Animals

Eleven week old male mice (C57BL/6 N) were purchased from
Charles River Laboratories (Kanagawa, Japan). Five mice were housed
in each cage under standard laboratory conditions. All procedures
related to animal maintenance and study designs were approved by the
Committee for Animal Experiments at Kawasaki Medical School
Advanced Research Center and conformed to the U.S. National Institutes
of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 80-23, revised in 1996). The mice were provided food
and water ad libitum and were kept under the following conditions:
lights on at 7:00 A.M., lights off at 9:00 P.M., and temperature main-
tained at 23-26 °C.

Drug protocol

All the mice were randomized into two groups (n = 10). Fingolimod
(067-06253, FUJIFILM Wako, Tokyo, Japan) was dissolved in saline to
obtain a final concentration of 3 mg/mL. The mice were injected
intraperitoneally (i.p.) with 6 mg/kg fingolimod for 35 days. The dose of
fingolimod was determined from previously reported doses (di Nuzzo
et al., 2015). The vehicle control mice were injected with saline. On day
35, the mice were sacrificed and their brains were extracted for further
analysis.

Tissue preparation

The mice were anesthetized with a lethal dose of sodium pentobar-
bital (120 mg/kg, i.p.) and transcardially perfused with 25 mL of
phosphate-buffered saline (PBS), followed by 100 mL of 4% para-
formaldehyde in PBS (pH 7.4). The brains were dissected and fixed
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overnight at 4 °C in a fixative, cryopreserved in 15% sucrose for 12 h,
followed by preservation in 30% sucrose for 20 h at 4 °C. Next, the
brains were frozen in an optimum cutting temperature compound
(Tissue-Tek; Sakura Finetek, Tokyo, Japan) using a slurry of normal
hexane in dry ice. Serial coronal sections with a thickness of 40 um were
obtained at — 20 °C using a cryostat (CM30508S; Leica Wetzlar, Ger-
many). The sections were collected in ice-cold PBS containing 0.05%
sodium azide.

Immunohistochemistry

The sections were treated with 0.1% Triton X-100 and PBS at room
temperature for 15 min. After three washes with PBS, sections were
incubated with 10% normal goat serum (ImmunoBioScience Corp.,
Mukilteo, WA, USA) in PBS at room temperature for 1 h. They were then
washed thrice with PBS and incubated overnight at 4 °C in PBS con-
taining biotinylated Wisteria floribunda agglutinin (WFA) (B-1355,
Vector Laboratories; 1:200) and/or antibodies described in the subse-
quent text. After washing with PBS, the sections were incubated with
Alexa Fluor 594-conjugated streptavidin (S11227; Molecular Probes,
Eugene, OR) and/or the corresponding secondary antibodies (described
in the subsection Antibodies and lectins) at room temperature for 2 h.
The labeled sections were then rinsed with PBS and mounted on glass
slides using Vectashield medium (H-1400; Vector Laboratories, Funa-
koshi Co., Tokyo, Japan). The prepared slides were stored at 4 °C until
microscopic analysis was performed.

Lectins and antibodies

The following lectins and primary antibodies were used for staining:
biotinylated WFA (B-1355, Vector Laboratories; 1:200), mouse anti-
parvalbumin (clone PARV-19, P3088; Sigma-Aldrich Japan, Tokyo,
Japan; 1:1000), mouse anti-aggrecan (Cat-315; MAB1581, MERCK;
1:1000), rabbit anti-aggrecan (AB1031, Millipore, Tokyo, Japan; 1:200),
rabbit anti-glial fibrillary acidic protein (GFAP) (ab7260; Abcam,
Cambridge, MA; 1:1000), rabbit anti-ionized calcium-binding adapter
molecule 1 (Iba-1) (019-19741; FUJIFILM Wako Pure Chemical Cor-
poration, Osaka, Japan; 1:1000), mouse anti-NeuN (clone A60,
MAB377; Millipore; 1:500), and mouse anti-glutamate decarboxylase
(GADG67) (clone 1G10.2, MAB5406; Millipore, Bedford, MA; 1:1000).

The following secondary antibodies were used for visualization:
Alexa Fluor 488-conjugated goat anti-mouse IgG (ab150113; Abcam,
Cambridge, MA; 1:1000), FITC-conjugated anti-mouse IgM (sc-2082,
Santa Cruz Biotechnology, Santa Cruz, CA, 1:1000), Texas Red-
conjugated goat anti-rabbit (TI-1000; Vector Laboratories, Funakoshi
Co., Tokyo, Japan), and streptavidin-conjugated Alexa Fluor 594
(811227, Thermo Fisher Scientific; 1:1000).

Microscopy imaging

To quantify the density of PV, WFA, Cat-315, AB1031, and GFAP-
positive cells, confocal laser scanning microscopy (LSM700; Carl Zeiss,
Oberkochen, Germany) was used. Images (1024 x 1024 pixels) were
saved as TIFF files using ZEN software (Carl Zeiss). Briefly, a 10 x nu-
merical aperture (NA = 0.45) or 20 x (NA = 0.8) objective lens and
pinhole setting that corresponded to a focal plane thickness of less than
1 pm was used. PV, WFA, Cat-315, AB1031, and GFAP-positive cells
were counted in a 1.0 x 1.2 mm area spanning all layers of the cortex.
Prior to capture, the exposure time, gain, and offset were carefully set to
ensure a strong signal but avoid saturation. Identical capture conditions
were used for all the sections.

Quantification of labeled cells and PNNs

The brain regions were determined according to the mouse brain
atlas of Paxinos and Franklin (2013). The data shown in the figures are
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presented according to the cortical layer profiles based on fluorescence
Nissl staining (NeuroTrace 435/455 blue: N-21479, Molecular Probes,
Thermo Fisher Scientific, U.S.). Microphotoimages of the sections were
taken with a 10 x or 20 x objective. All confocal images were saved as
TIFF files and analyzed using the NIH ImageJ software (Bethesda, MD;
http://rsb.info.nih.gov/nih-image/). Twelve coronal sections contain-
ing the dorsal hippocampus (—1.58 to —2.06 mm relative to the
bregma), prefrontal (2.22 — 1.70 mm relative to the bregma), and so-
matosensory cortices (—0.94 to —1.58 mm relative to the bregma) were
selected from each mouse and stained. The stained neurons and PNN
(neuronal soma size > 60 ym?) in the region of interest were manually
tagged and counted. The background intensity was subtracted from the
unstained portions of each section. The density of the labeled neurons
was calculated as cells/mm?. Quantification was performed by an in-
dependent observer blinded to the identity of the specimens.

Data analysis

Data were expressed as box plots of 10 animals per group. Statistical
analyses were performed using SPSS Statistics software (IBM Corp.,
Armonk, NY, USA). Student’s t-test was performed for single compari-
sons and analysis of variance (ANOVA) for multiple comparisons (two-
way ANOVA followed by Bonferroni t-tests). Bonferroni post-hoc com-
parisons were conducted when the interaction terms were significant.
Statistical significance was set at p < 0.05.

Results

PV-positive neurons and WFA-positive PNN in the hippocampus, prefrontal
cortex, and somatosensory cortex of fingolimod-treated mice

To analyze the effect of chronic fingolimod administration on the
distribution of PV-positive neurons, coronal sections were immuno-
stained for PV proteins (Fig. 1A, A/, C, C', E, E'). To examine the spatial
distribution of PNN, we performed immunostaining with WFA (Fig. 1B,
B, D, D, F/, F). The distribution of PV-positive neurons and WFA-
positive PNN in the hippocampal prefrontal cortex and somatosensory
cortex of fingolimod-treated mice was similar to that observed in the
control mice.

We quantified PV-positive neurons and WFA-positive PNN in the
hippocampus, prefrontal cortex, and somatosensory cortex of
fingolimod-treated mice (Figs. 2-4).

The effect of fingolimod administration on PV-positive neurons and WFA-
positive PNN in the hippocampus

In the CA1 and DG regions of the hippocampus, the density of PV-
positive neurons was higher in the fingolimod-treated mice than in the
control mice (Fig. 2A; Fo 36 = 8.031, p = 0.005, CAl: p = 0.001, CA3:
p = 0.992, and DG: p = 0.045). In the CA3 area, there was no difference
in the density of PV-positive neurons between the fingolimod-treated
and the control mice. No difference was observed in the density of
WFA-positive PNN for the hippocampi of the fingolimod-treated and the
control mice (Fig. 2B; Fp 36 = 0.584, p = 0.446). There was also no
significant difference between the percentage of PV-positive neurons
surrounded by WFA-positive PNN in the hippocampi of the fingolimod-
treated and the control mice (Fig. 2 C; Fo 35 = 0.424, p = 0.516). Addi-
tionally, in the CA1 and DG regions of the hippocampus, the percentage
of WFA-positive PNN containing PV was higher in the fingolimod-
treated mice than in the control mice (Fig. 2D; Fa36 = 6.176,
p = 0.015, CAl: p = 0.074, CA3: p = 0.354, and DG: p = 0.002).

The effect of fingolimod administration on PV-positive neurons and WFA-
positive PNN in the prefrontal cortex

In the L5/6 cortical layer of the dorsal anterior cingulate cortex
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Fig. 1. Distribution of PV-positive neurons and WFA-positive PNN in the hip-
pocampus, prefrontal cortex, and somatosensory cortex of fingolimod-treated
mice, Representative double immunofluorescence images show the distribu-
tion of PV-positive neurons (A, A, C, C', D, D') and WFA-positive PNNs (B, B/, D,
D/, F, F) in the CA1 of the hippocampus (A, A’, B, B'), PL of the prefrontal cortex
(C, €', D, D), and somatosensory cortex (E, E/, F, F') of control (A-F) and
fingolimod-treated mice (A’-F'). Scale bar = 100 um in B’ (A, A/, B, B'), 100 ym
in D’ (C, C/, D, D), and 100 um in F' (E, E, F, F).

(dAC), L5/6 layer of the prelimbic cortex (PL), and L2/3 and L5/6 layers
of the infralimbic cortex (IL), the density of PV-positive neurons was
higher in the fingolimod-treated mice than in the control mice (Fig. 3A;
dAC, Fy,18 = 10.190, p = 0.002, L2/3: p = 0.492, and L5/6: p < 0.001,
PL, F1,18 = 7.606, p = 0.008, L2/3: p = 0.252, and L5/6: p = 0.009, IL,
F118 = 13.037, p <0.001, L2/3: p=0.001, and L5/6: p = 0.002).
However, there was no difference in the density of WFA-positive PNN
between the fingolimod-treated and the control mice for the dAC, PL,
and IL groups (Fig. 3B; dAC, Fy18 = 8.461, p = 0.005, L2/3: p = 0.772,
and L5/6: p = 0.122, PL, F; 13 = 5.974, p = 0.017,L2/3: p = 0.068, and
L5/6:p = 0.121,IL, F1 13 = 0.677, p = 0.414). There were no significant
difference in the percentage of PV-positive neurons surrounded by WFA-
positive PNN in the dAC and PL of the fingolimod-treated and the
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Fig. 2. Quantitative analyses of PV-positive neurons and WFA-positive PNNs in
the fingolimod-treated mouse hippocampus, Region-specific patterns of PV-
positive neuron density (A) and WFA-positive PNN density (B) in the hippo-
campus. The percentage of PV-positive neurons surrounded by WFA-positive
PNN (C) and the percentage of WFA-positive PNNs containing PVs (D) in the
hippocampus are shown. Data are expressed as box plots (n = 10 mice/group).
P-values were calculated using two-way ANOVA. *p < 0.05 for comparison of
the same regions between fingolimod-treated groups.

control mice (Fig. 3C; dAC, Fy,18 = 0.540, p = 0.465, PL, F; 13 = 0.012,
p=0.913, IL, Fy18 = 7.071, p=0.011, L2/3: p =0.031, and L5/6:
p = 0.039). In L2/3 layer of IL, the percentage of PV-positive neurons
surrounded by WFA-positive PNN was higher in the fingolimod-treated
mice than in the control mice. In L5/6 layer of IL, the percentage of PV-
positive neurons surrounded by WFA-positive PNN was lower in the
fingolimod-treated mice than in the control mice. There was no signif-
icant difference between the percentage of WFA-positive PNN contain-
ing PV in the dAC, PL, and IL of the fingolimod-treated and the control
mice (Fig. 3D; dAC, Fy18 = 0.945, p=0.335, PL, Fy13 = 0.422,
p =0.518, IL, F;,18 = 0.165, p = 0.686).

The effect of fingolimod administration on PV-positive neurons and WFA-
positive PNN in the somatosensory cortex

In L4 and L5/6 of the somatosensory cortex, the density of PV-
positive neurons was higher in the fingolimod-treated mice than in the
control mice (Fig. 4A; Fa36 = 11.421, p < 0.001, L2/3: p = 0.921, L4:
p =0.003, and L5/6: p < 0.001). In L4 and L5/6 of the somatosensory
cortex, the density of WFA-positive PNNs was higher in the fingolimod-
treated mice than in the control mice (Fig. 4B; F2 36 = 19.079, p < 0.001,
L2/3: p =0.904, L4: p < 0.001, and L5/6: p = 0.042). There was no
significant difference in the percentages of PV-positive neurons sur-
rounded by WFA-positive PNN in the somatosensory cortex of the
fingolimod-treated and the control mice (Fig. 4C; Fa3¢ 0.552,
p = 0.459). In addition, there was no significant difference in the per-
centage of WFA-positive PNN containing PV in the somatosensory cortex
of the control and the fingolimod-treated mice (Fig. 4D; Fy 36 = 0.049,
p =0.826,L2/3: p = 0.338, L4: p = 0.754, and L5/6: p = 0.745).
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GADG67-positive neurons in the hippocampus, prefrontal cortex, and
somatosensory cortex of Fingolimod-treated mice

We examined the distribution of GAD67-positive neurons in the
hippocampus, prefrontal cortex, and somatosensory cortex of the
fingolimod-treated mice (Fig. 5A). The distribution of GAD67-positive
neurons in the hippocampus, prefrontal cortex, and somatosensory
cortex of the fingolimod-treated mice was similar to that observed in the
control mice.

We quantified GAD67-positive neurons in the hippocampus, pre-
frontal cortex, and somatosensory cortex of the fingolimod-treated mice
(Figs. 6-8).

The density of GAD67-positive neurons in the CA3 region of the
hippocampus was higher in the fingolimod-treated mice than in the
control mice (Fig. 6A; Fy 36 = 6.692, p = 0.011, CAl: p = 0.228, CA3:
p = 0.039, and DG: p = 0.135). In other areas, there was no difference in
the density of GAD67-positive neurons between the fingolimod-treated
and the control mice (Fig. 7A; dAC, Fo 35 = 0.008, p = 0.927, PL, Fo102
=0.269, p = 0.605, IL, F5 36 = 0.057, p = 0.811, and 8 A; F3 54 = 1.365,
p = 0.245).

The percentage of GAD67-positive neurons containing PV in the L5/
6 layer of the prefrontal cortex was higher in the fingolimod-treated
mice than in the control mice (Fig. 7B). In other areas, there was no
difference in the percentage of GAD67-positive neurons containing PV
between the fingolimod-treated and the control mice (Fig. 6B; Fa 3¢ =
3.664, p = 0.058, 7B; dAC, F; 36 = 3.483, p = 0.065, PL, F3 36 = 6.704,
p=0.010, L2/3: p =0.092, and L5/6: p = 0.129, IL, Fy36 = 3.182,
p=0.078,1L2/3:p = 0.940, and L5/6: p = 0.016, and 8B; F3 54 = 2.131,
p =0.147).

PNN components in the hippocampus and somatosensory cortex of
Fingolimod-treated mice

To examine the composition of PNN in the hippocampus and so-
matosensory cortices in the fingolimod-treated mice, we labeled PNN
with WFA lectin as well as AB1031 and Cat-315 anti-aggrecan anti-
bodies (Fig. 9). The distribution of Cat-315-positive PNNs and AB1031-
positive PNNs in the hippocampus and somatosensory cortex of the
fingolimod-treated mice was similar to that observed in the control
mice.

We quantified Cat-315-positive PNN and AB1031-positive PNN in
the hippocampus and somatosensory cortex of the fingolimod-treated
mice (Figs. 10-11). There was no significant difference in the density
of Cat-315-positive PNN in the hippocampi of the fingolimod-treated
and the control mice (Fig. 10A; Fa36 = 1.048, p = 0.311). There was
no significant difference in the density of AB1031-positive PNN and Cat-
315-positive PNN containing AB1031 in the hippocampi of the
fingolimod-treated and the control mice (Fig. 10B; Fa36 = 0.431,
p =0.515, C; Fa36 = 0.340, p = 0.563). The percentage of AB1031-
positive PNN containing Cat-315 in the DG of the hippocampus was
higher in the fingolimod-treated mice than in the control mice (Fig. 10D;
Fy 36 = 4.760, p = 0.034, CA3: p = 0.702, and DG: p = 0.001).

There was no difference in the density of Cat-315 and AB1031-
positive PNN in the somatosensory cortex for the fingolimod-treated
and the control mice (Fig. 11A; Fp 36 = 2.276, p = 0.138, B; Fp 3¢ =
1.794, p = 0.187). In L2/3 layer of the somatosensory cortex, the per-
centage of Cat-315-positive PNN containing AB1031 was lower in the
fingolimod-treated mice than in the control mice (Fig. 11C; Fa36 =
17.285, p < 0.001, L2/3: p < 0.001, L4: p=0.170, and L5/6:
p = 0.402). There was no difference in the percentage of AB1031-
positive PNN containing Cat-315 in the somatosensory cortex for the
fingolimod-treated and the control mice (Fig. 11D; Fo36 = 3.879,
p = 0.055).
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GFAP-positive astrocytes, NeuN-positive cells, and Iba-1-positive microglia

in the hippocampus of fingolimod-treated mice

To analyze the effect of chronic fingolimod administration on the
activation of astrocytes, the coronal sections were immunostained for
GFAP proteins (Fig. 12A, B). There were no significant difference be-
tween the fingolimod-treated and the control mice with respect to the

areas containing GFAP-positive astrocytes in the CA1 region of the
hippocampus (Fig. 12C; t = —1.722, p = 0.080).

The distribution of NeuN-positive cells in the CA1 region of the
hippocampus of the fingolimod-treated mice was also examined
(Fig. 12D, E). The fingolimod-treated mice showed no changes in the
distribution of NeuN-positive cells in the hippocampus as compared to
the control mice.
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Fig. 4. Quantitative analyses of PV-positive neurons and WFA-positive PNNs in
the Fingolimod-treated mouse somatosensory cortex, Layer-specific patterns of
PV-positive neuron density (A) and WFA-positive PNN density (B) in the so-
matosensory cortex. The percentage of PV-positive neurons surrounded by
WFA-positive PNNs (C) and the percentage of WFA-positive PNNs containing
PVs (D) in the somatosensory cortex are shown. Data are expressed as box plots
(n =10 mice/group). P-values were calculated using two-way ANOVA.
*p < 0.05 for comparison of the same layers between the fingolimod-
treated groups.

To assess whether fingolimod administration affected immune acti-
vation in the cerebral cortex of mice, the morphology of Iba-1-positive
microglia in the CA1 of the hippocampus was examined (Fig. 12F-G).
Iba-1-positive microglia were found in the CA1 region of the hippo-
campus in the fingolimod-treated mice. There were no significant
morphological differences in Iba-1-positive microglia for the
fingolimod-treated and the control mice.

To analyze the effect of fingolimod administration on neurogenesis
in the DG, we observed the GFAP-immunostained DG of the hippo-
campus (Fig. 12H, I). Fingolimod-treated mice showed no apparent
changes in the distribution of GFAP-positive cells in the DG of the hip-
pocampus as compared to the control mice.

Discussion

The results of this study showed that chronic administration of fin-
golimod increased the density of PV-positive neurons in the prefrontal
cortex, somatosensory cortex, and hippocampus. The fingolimod-treated
mice showed an increase in the number of WFA-positive PNN in the
somatosensory cortex as compared to the control mice.

To the best of our knowledge, there are no reports on the compounds
that increase parvalbumin-positive neurons. In the PV-positive neurons
of the sensory cortex, the expression level of PV proteins depends on the
input stimulus (Caballero et al., 2013). Therefore, the number of PV
neurons increases with brain development throughout and then be-
comes constant (Schmalbach et al., 2015; Ueno et al., 2017, 2017b,
2018). Further, it is also known that fingolimod (FTY720) increases
BDNF expression (Deogracias et al., 2012; Vidal-Martinez et al., 2016).
BDNF is a neurotrophin that is secreted by the basal forebrain cholin-
ergic neurons and is involved in the synaptic plasticity required for
long-term memory (Tyler et al., 2002). It has been reported to increase
PV protein expression (Huang et al., 1999), which may explain the in-
crease in PV-positive neurons in this study. Alternatively, it is possible
that the PV expression density of each neuron remains the same and the
number of PV neuron nuclei increases. Further research is needed to find
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Fig. 5. Distribution of PV-positive neurons and GAD67-positive neurons in the
hippocampus, prefrontal cortex, and somatosensory cortex of fingolimod-
treated mice, Representative double immunofluorescence images show the
distribution of PV-positive neurons (A, A’, C, C/, D, D') and GAD67-positive
neurons (B, B/, D, D/, F, F') in the CA1 of the hippocampus (A, A/, B, B’), PL
of the prefrontal cortex (C, C', D, D’), and somatosensory cortex (E, E/, F, F') of

control (A-F) and fingolimod-treated mice (A’-F’). Scale bar = 100 um in B’ (A,
A’, B, B'), 100 um in D’ (C, C/, D, D’), and 100 pm in F’ (E, E/, F, F)).
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out more.

We observed an increase in the WFA-positive PNN of the somato-
sensory cortex of the fingolimod-treated mice. However, there was no
significant difference in the proportion of PV-positive neurons covered
with WFA-positive PNN, suggesting that an increase in WFA-positive
PNN was associated with an increase in PV-positive neurons. WFA-
positive PNN are present throughout the brain in the mature rodent
cortex (Alpar et al., 2006; Horii-Hayashi et al., 2015; Briickner et al.,
2000, 2003). WFA-positive PNNs differ in their density, the expression
levels of WFA-positive molecules, the mesh-like structure of PNNs, and
the ratio of WFA-positive PNNs covering PV-positive neurons depending
on the brain region (Horii-Hayashi et al., 2015; Ueno et al., 2017b,
2018). There are also highly plastic areas in the mature brain cortex,
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Fig. 6. Quantitative analyses of GAD67-positive neurons in the hippocampus of
fingolimod-treated mice, Region-specific patterns of GAD67-positive neuron
density (A) and percentage of GAD67-positive neurons containing PV (B) in the
hippocampus are shown. Data are expressed as box plots (n = 10 mice/group).
P-values were calculated using two-way ANOVA. *p < 0.05 for comparison of
the same regions between fingolimod-treated groups.

such as the frontal and associative cortices, which remain highly plastic
throughout the lifespan (Kolb and Gibb, 2015; Jung et al., 2008;
Chapman et al.,, 2008; Canto et al., 2008; Sadato et al., 2004).
WFA-positive PNNs are present in all the cortices. Further studies are
needed to investigate changes in WFA-positive PNNs in unexamined
brain regions of fingolimod-treated mice. Nonetheless, our results
indicate that fingolimod is not involved in plasticity by altering
WFA-positive PNNs in the somatosensory cortex.

It has been previously reported that expression of aggrecan in PNN is

IBRO Neuroscience Reports 13 (2022) 96-106

sensory input-dependent and regulates the completion of the critical
period (Sur, 1988; Hockfield and Sur, 1990). Many reports have shown
that aggrecan, a component of PNN, may be involved in plasticity
(McRae et al., 2007; Ueno et al., 2017; Nakamura et al., 2009; Ye and
Miao, 2013). Cat-315 recognizes a subset of the HNK-1 (human natural
killer-1) epitope on aggrecan (Dino et al., 2006) and has been reported
to be associated with synaptic plasticity (Senn et al., 2002). A decrease
in Cat-315-positive PNN suggests an increase in synaptic plasticity. In
this study, there was almost no change in the number of Cat-315-positive
PNN or AB1031-positive PNN.
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Fig. 8. Quantitative analyses of GAD67-positive neurons in the somatosensory
cortex of fingolimod-treated mice, Layer-specific patterns of GAD67-positive
neuron density (A) and the percentage of GAD67-positive neurons containing
PV (B) in the somatosensory cortex are shown. Data are expressed as box plots
(n =10 mice/group). P-values were calculated using two-way ANOVA.
*p < 0.05 for comparison of the same regions between fingolimod-
treated groups.
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Fig. 7. Quantitative analyses of GAD67-positive neurons in the prefrontal cortex of fingolimod-treated mice, Layer-specific patterns of GAD67-positive neuron
density (A) and percentage of GAD67-positive neurons containing PV (B) in the prefrontal cortex are shown. Data are expressed as box plots (n = 10 mice/group). P-
values were calculated using two-way ANOVA. *p < 0.05 for comparison of the same regions between fingolimod-treated groups.
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Fig. 9. Distribution of Cat-315-positive PNNs and AB1031-positive PNNs in the
hippocampus and somatosensory cortex of fingolimod-treated mice, Represen-
tative double immunofluorescence images show the distribution of Cat-315-
positive PNNs (A, A’, C, C') and AB1031-positive PNSs (B, B', D, D) in the
CA1 of the hippocampus (A, A’, B, B’) and somatosensory cortex (C, C', D, D') of
control (A-D) and fingolimod-treated mice (A’-D’). Scale bar = 100 um in B’
(applied to A, A’, B, B') and 100 um in D’ (applied to C, C’, D, D').

PV-positive neurons are a type of GABAergic inhibitory interneuron.
It was necessary to confirm the effects of fingolimod, if any, on
GABAergic inhibitory interneurons. GAD67 is a rate-determining
enzyme responsible for more than 90% of GABA production (Asada
etal., 1997). An increase in GAD67-positive neurons was observed in the
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Fig. 10. Quantitative analyses of Cat-315-positive PNNs and AB1031-positive
PNNs in the hippocampus of fingolimod-treated mice, Region-specific pat-
terns of Cat-315-positive PNN density (A) and AB1031-positive PNN density (B)
in the hippocampus. The percentages of Cat-315-positive PNNs containing
AB1031 (C) and AB1031-positive PNNs containing Cat-315 (D) in the hippo-
campus are shown. Data are expressed as box plots (n = 10 mice/group). P-
values were calculated using two-way ANOVA. *p < 0.05 for comparison of the
same regions between fingolimod-treated groups.
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Fig. 11. Quantitative analyses of Cat-315-positive PNNs and AB1031-positive
PNNs in the somatosensory cortex of fingolimod-treated mice, Layer-specific
patterns of Cat-315-positive PNN density (A) and AB1031-positive PNN den-
sity (B) in the somatosensory cortex. The percentages of Cat-315-positive PNNs
containing AB1031 (C) and AB1031-positive PNNs containing Cat-315 (D) in
the somatosensory cortex are shown. Data are expressed as box plots (n = 10
mice/group). P-values were calculated using two-way ANOVA. *p < 0.05 for
comparison of the same layers between the fingolimod-treated groups.

hippocampus but not in the prefrontal and somatosensory cortices of the
fingolimod-treated mice. Anti-GAD67 antibodies are used to label
GABAergic neurons; however, not all GABAergic neurons can be labeled
(Fujihara et al., 2015). Therefore, there are inhibitory neurons that
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Fig. 12. GFAP-positive astrocytes, NeuN-
positive cells, and Iba-1-positive microglia in
the hippocampus of Fingolimod-treated mice,
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express PV, but have low expression levels of GAD67. Similarly,
decreased GAD67 expression has been observed in various models of
schizophrenia, including NMDA receptor dysfunction and dopamine
sensitization models (Behrens et al., 2007; Lee et al., 2013). It is also
possible that the administration of fingolimod increased the number of
inhibitory interneurons that express PV but are low in GAD67. Further

research is needed to clarify whether the increase in PV neurons
observed in this study is due to an increase in inhibitory neurons or an
increase in excitatory neurons expressing PV.

The therapeutic effects of fingolimod on the brain are mostly medi-
ated by S1P1 (sphingosine-1-phosphate receptor 1) receptors, which are
highly expressed in astrocytes and comparatively less expressed in
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neurons, oligodendrocytes, and microglia (Choi et al., 2011). The pro-
tective effect of fingolimod has been reported to be greater in astrocytes
than in microglia (Camos-Carreras et al., 2020). When astrocytes are
activated, they become hypertrophied occupying more area (Borges
et al., 2003; Shapiro et al., 2008). Fingolimod is a Food and Drug
Administration approved drug for the remission of recurrent multiple
sclerosis, which acts by reducing the activation of astrocytes (Brunk-
horst et al., 2014). However, chronic administration of fingolimod did
not increase the area occupied by astrocytes in the hippocampus of the
mice indicating inactive astrocytes. Moreover, this may be due to dif-
ferences in the fingolimod administration period, concentration, mouse
strain, etc. Detailed studies are needed to clarify these differences.

We identified GFAP-positive neurons in DG with fingolimod treat-
ment. In addition to astrocytes, GFAP is also expressed in neural stem
cells involved in adult neurogenesis in the hippocampal DG (Song et al.,
2002). When neurogenesis is inhibited, the number of GFAP-positive
cells in DG decreases (Lazarov et al., 2010). In this study, chronic
administration of fingolimod did not affect GFAP-positive cells.

Expression of PV proteins in PV-positive neurons is essential for
cognitive function (Murray et al., 2011; Miyamae et al., 2017). When
oxidative stress is generated in the mouse brain by drug administration,
the number of PV neurons decreases (Behrens et al., 2007, 2008). PV
neurons play an important role in regulating the firing of pyramidal
cells. Abnormalities in PV-positive neurons have been reported in pa-
tients with schizophrenia and autism (Nahar et al., 2021; Lewis, 2012;
Filice, 2020). This study indicates that the role of fingolimod in these
diseases may be worth investigating in future studies.

Epidemiological data clearly emphasize that women are more likely
to develop multiple sclerosis than men (Harbo et al., 2013). Human
studies have also shown gender dependent variation of effects of fin-
golimod treatment (Manni et al., 2017). In this study, we used male mice
whereas use of female mice might have a different outcome.

Conclusion

Chronic administration of fingolimod increased the density of PV-
positive neurons in the hippocampus, prefrontal cortex, and somato-
sensory cortex. The results of this study indicate that fingolimod may be
applied not only to the treatment of multiple sclerosis, but also to
neuropsychiatric disorders related to PV-positive neurons.
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