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Oligodendrogenesis dysfunction impairs memory consolidation in adult mice, and

an oligodendrocyte abnormality is an important change occurring in Alzheimer’s

disease (AD). While fluoxetine (FLX) is known to delay memory decline in AD models,

its effects on hippocampal oligodendrogenesis are unclear. Here, we subjected

8-month-old male amyloid precursor protein (APP)/presenilin 1 (PS1) mice to the

FLX intervention for 2 months. Their exploratory behaviors and general activities

in a novel environment, spatial learning and memory and working and reference

memory were assessed using the open-field test, Morris water maze, and Y maze.

Furthermore, changes in hippocampal oligodendrogenesis were investigated using

stereology, immunohistochemistry, immunofluorescence staining, and Western blotting

techniques. FLX delayed declines in the spatial learning and memory, as well as

the working and reference memory of APP/PS1 mice. In addition, APP/PS1 mice

exhibited immature hippocampal oligodendrogenesis, and FLX increased the numbers

of 2′3′cyclic nucleotide 3′-phosphodiesterase (CNPase)+ and newborn CNPase+

oligodendrocytes in the hippocampi of APP/PS1 mice. Moreover, FLX increased

the density of SRY-related HMG-box 10 protein (SOX10)+ cells and reduced the

percentage of oligodendrocyte lineage cells displaying the senescence phenotype

(CDKN2A/p16INK4a) in the hippocampus of APP/PS1 mice. Moreover, FLX had no

effect on the serotonin (5-HT) 1A receptor (5-HT1AR) content or number of 5-HT1AR+

oligodendrocytes, but it reduced the content and activity of glycogen synthase kinase

3β (GSK3β) in the hippocampus of APP/PS1 transgenic mice. Taken together, FLX

delays the senescence of oligodendrocyte lineage cells and promotes oligodendrocyte

maturation in the hippocampus of APP/PS1 mice. FLX may regulate GSK3β through

a mechanism other than 5-HT1AR and then inhibit the negative effect of GSK3β on

oligodendrocyte maturation in the hippocampus of an AD mouse model.
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TABLE 5 | The density of the newborn oligodendrocytes in the hippocampus using laser confocal scanning microscopy semiquantification.

Density of the newborn oligodendrocytes in the hippocampus (n = 5/group)

BrdU+/Olig2+ cells BrdU+/Olig2+/CNPase+ cells

CA1 CA2-3 DG CA1 CA2-3 DG

Ctrl Mean (per mm2 ) 15.24 22.67 19.62 11.94 14.67 17.90

+ NaCl SD 1.16 2.41 0.58 0.81 1.56 0.47

Ctrl Mean (per mm2 ) 15.05 23.19 19.62 12.26 18.85∧ 15.87

+ FLX SD 1.16 1.52 0.71 1.81 1.43 1.45

APP/PS1 Mean (per mm2 ) 14.49 23.06 21.40 11.64 11.27 9.73*

+ NaCl SD 0.65 1.97 2.72 0.76 2.95 1.66

APP/PS1 Mean (per mm2 ) 16.04 19.87 15.95# 13.01 14.40 13.31#

+ FLX SD 1.82 4.58 2.83 1.52 1.82 2.75

Mean is the average density of the newborn oligodendrocytes in the hippocampus of each group, SD is the standard deviation of the mean. *p < 0.05 for the comparison of the densities

of the positive oligodendrocytes between the Ctrl+ NaCl group and the APP/PS1+ NaCl group. #p < 0.05 for the comparison of the densities of the positive oligodendrocytes between

the APP/PS1 + NaCl group and the APP/PS1 + FLX group. ∧p < 0.05 for the comparison of the densities of the positive oligodendrocytes between the Ctrl + NaCl group and the Ctrl

+ NaCl group.

FIGURE 4 | The effects of FLX on the late differentiation and senescence of oligodendrocytes in the hippocampus of APP/PS1 mice. (A) Immunofluorescence staining

of SOX10+ cells in the hippocampus. Arrows (→ ) indicate the SOX10+ cells. Bar = 50µm. (B) Density of SOX10+ cells in the hippocampus (x ± SD). (C) ELISA

results for soluble human Aβ40 and Aβ42 levels (x ± SD). (D) Immunofluorescence-based morphology of Aβ in the hippocampus and the number of Aβ plaques with a

diameter larger than 20µm. Aβ plaques were deposited in the hippocampi of APP/PS1 mice, and FLX ameliorated Aβ plaque deposition. Arrows (→ ) indicate Aβ

plaques in the hippocampus. High-magnification images of Aβ staining in 10-month-old APP/PS1 + NaCl and APP/PS1 + FLX mice are shown in each left corner.

Bar = 500µm. (E) Immunofluorescence staining of p16+/Olig2+ cells in the hippocampus. Arrows (→ ) indicate p16+/Olig2+ cells. Bar = 20µm. (F) The ratio of

p16+ oligodendrocytes to oligodendrocyte lineage cells in the hippocampus (x ± SD). *p < 0.05. **p < 0.01.
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FIGURE 5 | The effects of FLX on GSK3β and 5-HT1AR levels in the hippocampus of APP/PS1 mice. (A) Western blots showing the levels of GSK3β, p-S9-GSK3β

and 5-HT1AR in the hippocampus. (B) The relative levels of the GSK3β, p-S9-GSK3β and 5-HT1AR proteins in the hippocampus (x ± SD). *p < 0.05. **p < 0.01. (C)

Immunofluorescence staining for 5-HT1AR in oligodendrocyte precursor cells (5-HT1AR+/PFDGαR+ cells, indicated with arrows) and mature oligodendrocytes

(5-HT1AR+/CNPase+ cells, indicated with arrows) in the hippocampus. Bar = 50µm. (D) The densities (x ± SD) of oligodendrocyte precursor cells expressing

5-HT1AR (5-HT1AR+/PFDGαR+ cells) in the hippocampus. (E) The densities (x ± SD) of mature oligodendrocytes expressing 5-HT1AR (5-HT1AR+/CNPase+ cells) in

the hippocampus.

spatial learning andmemory, as well as the working and reference
memory of mice with AD, without affecting their general
attributes, such as body weight, exploratory behaviors and
general activities in a novel environment, or their athletic abilities
(swimming speed). In recent years, a shift in the treatment
window to an early stage was identified as an effective strategy
to prevent AD (Crous-Bou et al., 2017; McDade and Bateman,
2017). Here, 8-month-old APP/PS1 transgenic mice were chosen
as the study subjects to represent this stage of AD. Reiserer

et al. detected Aβ deposition and impaired spatial learning in 7-
month-old APP/PS1 mice (Reiserer et al., 2007), and we found
observable Aβ levels, Aβ deposition and impaired learning and
memory abilities in 10-month-old APP/PS1 mice. In contrast,
Minkeviciene et al. did not observe a spatial learning deficit
in 10-month-old APP/PS1 mice using the Morris water maze
(Minkeviciene et al., 2008), and Garcia-Alloza et al. reported
significant increases in soluble and insoluble levels of Aβ40 and
Aβ42 at 8 months compared to the levels detected at 4 and 6

Frontiers in Aging Neuroscience | www.frontiersin.org 12 January 2021 | Volume 12 | Article 627362

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Chao et al. Fluoxetine Promotes Hippocampal Oligodendrocyte Maturation

months in the APP/PS1 mouse brain; however, 10-month-old
APP/PS1 mice presented lower levels of soluble and insoluble
Aβ40 and Aβ42 than 8- and 12-month-old mice (Garcia-Alloza
et al., 2006). We speculated that the impaired learning and
memory abilities of APP/PS1mice aged between 7 and 10months
might be reversible, similar to changes in Aβ. Thus, we chose to
use 8-month-old APP/PS1 transgenic mice without a cognitive
impairment ormild cognitive dysfunction to study the preclinical
and early stages of AD. In the present study, the FLX intervention
delayed the declines in the cognitive abilities of mice with AD
during the early stage.

We then sought to examine the mechanism by which FLX
prevents the progression of AD. Oligodendrocyte injury and
demyelination disrupt brain function (Lee et al., 2012). Desai
et al. proposed that early oligodendrocyte/myelin pathology in
AD mice was a novel therapeutic target (Desai et al., 2010),
and Behrendt et al. reported dynamic myelin aberrations in
the white matter of mice and patients with AD (Behrendt
et al., 2013). In our previous studies, we observed marked
myelinated fiber loss in the hippocampi of Tg2576 and APP/PS1
mice (Lu et al., 2016; Chao et al., 2018). As myelinating
glial cells, oligodendrocytes are diffusely distributed within the
hippocampus and are required for myelin repair. However,
both myelin damage and oligodendrocyte abnormalities are
observable in the early stages of AD (Bartzokis, 2004; Destrooper
and Karran, 2016; Nasrabady et al., 2018; Zhang et al., 2019).
Here, we semiquantitatively analyzed the protein levels of
CNPase and MBP in the hippocampus, which are important
components of the myelin sheaths and markers of mature
oligodendrocytes (Nawaz et al., 2013; Raasakka and Kursula,
2014). Ten-month-old APP/PS1 transgenic AD mice, which
displayed decreased learning and memory abilities, presented a
CNPase and MBP deficiency in the hippocampus. In addition,
we quantified CNPase+ cells in the hippocampus and found
a loss of CNPase+ cells in the hippocampus of 10-month-old
APP/PS1 transgenic AD mice. In our previous study, 10-month-
old APP/PS1 transgenic AD mice displayed decreases in the
total volumes of myelinated fibers and myelin sheaths in the
hippocampus (Chao et al., 2018). Thus, the changes in mature
oligodendrocytes (CNPase+ cells) are consistent with the changes
in the myelin sheath in the hippocampi of APP/PS1 transgenic
AD mice. Behrendt et al. reported a lower ratio of CNP to
axonal neurofilament 70 in 6-month-old APP/PS1 mice than in
control mice, whereas this ratio in 9-month-old APP/PS1 mice
was similar to control mice (Behrendt et al., 2013). The authors
proposed that APPPS1 mice did not exhibit any further age-
dependent increase in myelin defects between 6 and 9 months.
However, in our study, we observed marked losses of mature
oligodendrocytes and myelin sheaths in the hippocampi of 10-
month-old APP/PS1 mice. Three factors may potentially explain
the difference. (1). The analysis of different ages: Behrendt et al.
studied the myelin sheaths of APP/PS1 mice at 6 and 9 months of
age (Behrendt et al., 2013), whereas we studied themyelin sheaths
of APP/PS1 mice at 10 months of age. As noted above, dynamic
changes occur in both Aβ levels and the learning abilities of
APP/PS1 mice at <10 months of age, and dynamic changes
in myelin and oligodendrocytes must thus also occur. (2). The

analysis of different regions: Behrendt et al. analyzed myelin
throughout the brain (Behrendt et al., 2013), whereas we analyzed
myelin in the hippocampus. In our previous studies, we reported
differential changes in the white matter and hippocampus, as
myelin loss occurred in the hippocampus rather than in the white
matter of APP/PS1 mice at 10 months of age (Zhang et al., 2017;
Chao et al., 2018). However, in 10-month-old APP/PS1 mice,
damage to the myelin sheath and mature oligodendrocytes was
not ameliorated, at least in the hippocampus.

Two possible factors might underlie the loss of mature
oligodendrocytes in the hippocampus of APP/PS1 transgenic
mice: oligodendrocyte development dysfunction and mature
oligodendrocyte death. A previous study reported the
upregulation of neuregulin-1 type III, a critical protein for
oligodendrocyte development, in the hippocampi of 2-month-
old APP/PS1 mice (Wu et al., 2017). The development of
oligodendrocytes involves several processes: proliferation,
differentiation and maturation. NG2 is a marker that reflects
the proliferation of oligodendrocytes (Dawson et al., 2003).
In this study, we semiquantitatively analyzed the level of the
NG2 protein in the hippocampus, and observed a similar NG2
level in the hippocampus in 10-month-old APP/PS1 mice and
control mice. The chondroitin sulfate proteoglycan NG2 is
expressed on NG2+ cells, and NG2+ cells can downregulate
NG2 and differentiate into oligodendrocytes (Dimou and
Gallo, 2015). However, a clinical study has shown that patients
clinically diagnosed with AD present significantly decreased
levels of soluble NG2 in the cerebrospinal fluid compared with
individuals without dementia (Nielsen et al., 2013). In contrast,
Behrendt et al. reported a higher density of newborn NG2 cells
in the cortical gray matter and white matter of APP/PS1 mice
at 6 months of age (Behrendt et al., 2013). The proliferation
of oligodendrocytes appears to be altered in individuals with
AD, but a difference in the changes in oligodendrocytes has
been observed between AD animal models and patients with
AD. We labeled cells of the oligodendrocyte lineage with an
antibody against Olig2, which is the key to fate determination
and the early differentiation of the oligodendrocyte lineage,
to identify changes in oligodendrocyte differentiation. Olig2
knockout mice do not produce oligodendrocytes in the CNS,
and Olig2 expression gradually decreases during the period
of maturity until it is no longer expressed (Lu et al., 2002; Li
et al., 2011). We counted the total number of Olig2+ cells in the
hippocampi of AD mice and found that 10-month-old APP/PS1
mice exhibited an abnormal increase in the number of Olig2+

cells in the hippocampus. Similarly, Behrendt et al. studied the
changes in Olig2+ cells in AD and found a higher density of
Olig2+ cells in the cortical gray matter of 6-month-old APPPS1
mice (Behrendt et al., 2013). Conversely, Behrendt et al. reported
a lower density of Olig2+ cells in the cortical gray matter and
white matter in postmortem samples from humans with AD
(2013). The changes in oligodendrocyte differentiation appear to
differ between AD animal models and patients with AD. Animal
models of AD usually simulate patients with mild to moderate
AD, e.g., APP/PS1 transgenic AD mice (Bilkei-Gorzo, 2014). As
mentioned above, the 8-month-old APP/PS1 transgenic mice
we chose represent only the preclinical or early stage of AD.
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However, patients with AD are already in later stages of the
disease upon clinical diagnosis. In the study by Behrendt et al.,
the postmortem samples were obtained from humans with AD
between 68 and 85 years of age (Behrendt et al., 2013). Similarly,
in the study by Nielsen et al. the subjects were patients with
AD between 64 and 87 years of age (Nielsen et al., 2013). We
speculated that oligodendrocyte development might be increased
in the early stages of AD, whereas it might be decreased in the
late stages of AD. Early oligodendrocyte pathology in AD might
be a key factor in the prevention and treatment of AD.

Since hippocampal oligodendrocyte development is
increased in 10-month-old APP/PS1 mice, why are fewer
mature oligodendrocytes still detected in their hippocampi?
Therefore, we analyzed the ratio of mature oligodendrocytes to
oligodendrocyte lineage cells in the hippocampi of 10-month-old
APP/PS1 mice and found that the APP/PS1 mice presented more
immature oligodendrocytes but fewer mature oligodendrocytes
in the hippocampus than their non-transgenic littermates.
Then, we evaluated the newborn oligodendrocyte lineage cells
(BrdU+/Olig2+) in the hippocampi of 10-month-old APP/PS1
mice, but did not observe significant differences in the densities
of BrdU+/Olig2+ cells in the hippocampal subregions between
the AD mice and the non-transgenic littermates. Behrendt et al.
reported an increase in the number of BrdU+/Olig2+ cells in
the cortical gray matter of APP/PS1 mice at 6 and 11 months of
age (Behrendt et al., 2013), whereas Kamphuis et al. reported no
change in the number of BrdU+/Olig2+ cells in the cortex of
APP/PS1 mice at 3, 6, 9, 12, and 15 months of age (Kamphuis
et al., 2012). Although we were unable to directly compare our
current results with their findings, the issue of the newborn
oligodendrocyte lineage remains controversial. In the current
study, we first observed an increase in the number of newborn
Olig2+ cells in the hippocampi of APP/PS1 mice at 10 months of
age. Then, we evaluated the maturation of newborn Olig2+ cells
in the hippocampi of 10-month-old APP/PS1 mice and found a
significantly lower density of newborn mature oligodendrocytes
and their ratio to newborn oligodendrocyte lineage cells in
the DG of AD mice than in the non-transgenic littermates.
The newborn Olig2+ cells in the DG of AD mice likely failed
to mature. We analyzed the density of SOX10+ cells in the
hippocampus to further clarify whether dysmaturity existed in
the oligodendrocytes and observed significantly lower densities
of SOX10+ cells in the CA2-3 fields and DG of 10-month-old
APP/PS1 mice than in non-transgenic littermate mice. SOX10
is expressed in oligodendrocytes, and a previous study showed
that oligodendrocyte progenitor cells develop normally in
the absence of the SOX10 gene, but did not differentiate into
mature oligodendrocytes in the mouse spinal cord in a timely
manner (Stolt et al., 2002). As a universal regulator of myelin
gene expression, SOX10 regulates the expression of various
myelin-related genes at the transcriptional level by binding to the
promoters of myelin-related genes, such as protein-lipid protein
(PLP) and MBP (Schreiner et al., 2007; Turnescu et al., 2018).
The expression of SOX10 may be gradually decreased during
the maturation of oligodendrocytes in the CA2-3 fields and DG,
which might be an important cause of Olig2+ cell maturation
failure in the CA2-3 fields and DG of 10-month-old APP/PS1

mice. In the CA1 field, we did not obtain evidence that the loss
of mature oligodendrocytes is related to the failure of Olig2+ cell
maturation and SOX10 levels, and the cause of oligodendrocyte
loss in this field remains to be studied.

In addition to dysfunctional oligodendrocyte development,
the death of mature oligodendrocytes might also induce a
decrease in the number of mature oligodendrocytes. In this
study, we detected higher levels of Aβ40 and Aβ42 and
larger amyloid plaques in the hippocampi of 10-month-old
APP/PS1 mice. Jantaratnotai et al. reported that Aβ induces
oligodendrocyte death in the rat brain after a stereotaxic
injection of Aβ1-42 into the brain (Jantaratnotai et al., 2003).
As shown in the study by Xu et al., Abeta 1-40 and a truncated
fragment, Abeta 25-35, induce the death of oligodendrocytes
expressing intermediate differentiation markers in vitro (Xu
et al., 2001). Lee et al. reported that Aβ25-35 induces the death
of mature oligodendrocytes (Lee et al., 2004). Nielsen et al.
reported decreased NG2 concentrations in both cell lysates and
supernatants when oligodendroid precursor cells (NG2 cells)
were exposed to fibrillar Aβ1-42 in vitro, and both oligomeric
and fibrillar Aβ1-42 induced changes in NG2 cell morphology
(Nielsen et al., 2013). In addition, β-amyloid induced p16 and
p21 protein expression in oligodendrocyte progenitor cells (Olig2
and NG2 cells) and then induced oligodendrocyte progenitor
cell senescence (Zhang et al., 2019). In the present study, the
ratio of oligodendrocytes (Olig2+ cells) expressing p16 was
higher in the hippocampi of 10-month-old APP/PS1 mice,
and this change in the hippocampus was consistent with the
loss of mature oligodendrocytes. We speculated that β-amyloid
not only causes the death of mature oligodendrocytes but
also causes the senescence of oligodendrocyte precursor cells,
thus causing dysfunction in oligodendrocyte maturation and
decreasing the number of mature oligodendrocytes. Regardless,
both dysfunction in oligodendrocyte development and the death
of mature oligodendrocytes induced a decrease in the number
of mature oligodendrocytes. Our results provide supporting
evidence for changes in oligodendrocytes in the hippocampus
during early AD, which might be the important pathological
structural basis and therapeutic target of AD.

While hippocampal oligodendrocyte abnormalities are
observed in mice with early-stage AD, the ability of the FLX
treatment to reverse these oligodendrocyte abnormalities
remains an open question. In the present study, FLX had no
effect on the levels of MBP and CNPase in the hippocampus
but decreased the density of mature oligodendrocytes
(Olig2+/CNPase+) within the CA1 field in normal mice.
However, the FLX treatment induced the expression of
oligodendrocyte-related proteins, such as MBP and CNPase,
in the hippocampus and not only rescued the decrease in the
total number of mature oligodendrocytes but also reversed
the abnormal increase in the total number of oligodendrocyte
lineage cells within the CA1 field, CA2-3 fields and DG of
APP/PS1 transgenic mice. Notably, the FLX intervention did
not affect the total number of mature oligodendrocytes in the
normal mouse hippocampus, as reported in normal rats (Kroeze
et al., 2015); however, it significantly decreased the ratio of
mature oligodendrocytes to oligodendrocyte lineage cells within
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the CA1 field of the hippocampus in normal mice. Marcussen
et al. reported that intraperitoneal injections of FLX at a low
dose and for a long period increased neurogenesis in Wistar rats
(Marcussen et al., 2008). Furthermore, de Leeuw et al. found that
FLX upregulated oligodendrocyte markers in neural embryonic
stem cells, as revealed by a cell lineagemap (de Leeuw et al., 2020),
indicating that FLX might promote oligodendrogenesis under
normal conditions. Regarding the lack of effect of FLX onmature
oligodendrocytes, FLX promotes oligodendrogenesis, which
may lead to a decreased proportion of mature oligodendrocytes.
The proportion of mature oligodendrocytes was only decreased
in the CA1 field and may be related to the special function of
the hippocampal CA1 region, but this topic requires further
study. The FLX intervention did not increase the number of
mature oligodendrocytes in the hippocampus of normal mice,
whereas the FLX intervention exerted a protective effect on
mature oligodendrocytes in the hippocampus of APP/PS1 mice.
FLX has been shown to prevent the amelioration of myelination
deficits in mice with multiple system atrophy (Ubhi et al.,
2012). Moreover, the FLX treatment increases oligodendrocyte
components in depressed rodent models (Kodama et al., 2004;
Surget et al., 2009). In our previous study, FLX increased the
total number of CNPase+ cells in the hippocampi of rats with
chronic unpredictable stress-induced depression (Wang et al.,
2020). Thus, FLX might protect oligodendrocytes in a state
of illness. However, no previous studies have examined the
effect of FLX on oligodendrocytes in individuals with AD. In
the present study, we studied this effect for the first time and
found that FLX rescued the decrease in the number of mature
oligodendrocytes, reversed the abnormal increase in the number
of oligodendrocyte lineage cells in the hippocampi of AD
mice, and then promoted the maturation of oligodendrocytes
in the hippocampi of AD mice. First, the FLX treatment not
only increased the density of newborn mature oligodendrocyte
cells in the CA2-3 fields of normal mice but also increased
the ratios of newborn mature oligodendrocytes to newborn
oligodendrocyte lineage cells within the CA2-3 field and DG of
APP/PS1 transgenic mice, indicating that FLX might promote
the maturation of newborn oligodendrocytes. As mentioned
above, the FLX intervention might promote oligodendrogenesis
in the CA1 field of normal mice. We speculated that FLX not
only promotes oligodendrogenesis in the CA2 and CA3 fields
but also promotes oligodendrocyte maturation. Regarding the
simultaneous increases in the numbers of Olig2+ and CNPase+

cells, the proportion of mature oligodendrocytes was not affected
in CA fields 2 and 3. Oligodendrocytes metabolically support
axon survival and function through mechanisms independent
of myelination (Lee et al., 2012). We speculate that the neurons
and axons in the CA1, CA2, and CA3 fields may have different
metabolic requirements and thus have different requirements for
oligodendrogenesis, but this phenomenon requires further study.
Furthermore, FLX increased the number of SOX10+ cells within
the CA2-3 fields and DG and the number of SOX10+/CNPase+

cells within the CA2-3 fields of AD mice, suggesting that FLX
might promote SOX10 expression on oligodendrocytes during
the maturation of oligodendrocytes in the CA2-3 fields and
the subsequent differentiation of mature oligodendrocytes. Our

results appear to provide evidence for the effects of FLX on the
development of oligodendrocytes in the hippocampus of a mouse
AD model. Although we were unable to obtain support for this
effect of FLX on oligodendrocytes from previous studies, we
obtained clues from the relative effects of FLX on normal mice.
Kodama et al. reported that FLX increased cell proliferation in
the hippocampus and prefrontal cortex of adult rats (Kodama
et al., 2004). In particular, Encinas et al. reported that FLX
increased the number of early progenitor cells in the adult
hippocampus (Encinas et al., 2006). In addition to promoting
oligodendrocyte development, FLX might reduce the death of
mature oligodendrocytes. FLX might prevent oligodendrocyte
cell death after spinal cord injury (Lee et al., 2015). In our
study, after FLX exposure, lower levels of Aβ40, Aβ42, and
amyloid plaque formation were observed in the hippocampi of
the FLX-treated transgenic AD mice than in the hippocampi of
transgenic AD mice administered normal saline, consistent with
previous studies (Wang et al., 2014; Ciao et al., 2015). Moreover,
FLX exposure decreased the ratio of oligodendrocytes expressing
p16 in the hippocampi of AD mice. The expression of p16 in
oligodendrocytes indicates the senescence of oligodendrocytes
(Zhang et al., 2019), and senescent immature oligodendrocytes
might lose the ability to mature. We speculated that FLX
inhibited the expression of p16 in oligodendrocytes and then
prevent the senescence of oligodendrocytes, thereby promoting
the maturation of oligodendrocytes in the hippocampi of AD
mice. FLX might protect mature oligodendrocytes by reducing
the death of mature oligodendrocytes and promoting the
development of oligodendrocytes.

Regarding the mechanism by which FLX affects hippocampal
oligodendrocytes in APP/PS1 mice, as an SSRI antidepressant,
FLX mainly functions by increasing the concentration of
extracellular 5-HT through the inhibition of 5-HT reuptake
by synapses, and the effect of 5-HT depends on its binding
to its receptor (Dringenberg and Diavolitsis, 2002; Perez-
Caballero et al., 2014). FLX activates 5-HT1ARs in the brains
of mouse models of emotional impairments and schizophrenia
by increasing the 5-HT concentration, thereby inhibiting the
expression of GSK3 (Li et al., 2007; Haroutunian et al., 2014).
GSK3β, a subtype of GSK3, is an important negative regulator
of oligodendrocyte differentiation and myelination (Azim and
Butt, 2011). In the present study, no significant differences
in hippocampal 5-HT1AR protein expression were observed
between the transgenic mice with AD and the non-transgenic
littermate mice or between the mice in the normal saline
and FLX groups. Based on our results, the expression of 5-
HT1AR was not decreased in the hippocampi of mice with
AD, and FLX had no effect on 5-HT1AR expression in the
hippocampus of the mouse AD model. We also analyzed
the numbers of oligodendrocyte precursor cells and mature
oligodendrocytes expressing 5-HT1AR in the hippocampus, and
no significant differences were observed among the four groups.
However, the GSK3β protein was expressed at significantly higher
levels in the hippocampus of transgenic APP/PS1 mice than
in the hippocampi of non-transgenic littermate mice, while
the hippocampal level of GSK3β phosphorylated at Ser9 was
significantly lower in the transgenic AD mouse model than in
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the hippocampi of non-transgenic littermate mice. Compared
to the normal saline treatment, the FLX treatment decreased
the expression of the GSK3β protein and increased the level
of GSK3β phosphorylated at Ser9 in the hippocampi of AD
mice. GSK-3β is a serine (Ser)- and threonine (Tyr)-rich kinase
that is activated by the phosphorylation of Tyr216 residues and
inhibited by the phosphorylation of Ser9 residues (Frame et al.,
2001). The increased level of the GSK3β protein phosphorylated
at Ser9 indicates the inhibition of its activity. Based on our results,
FLX inhibited GSK3β expression and activity in the hippocampi
of AD mice. GSK3β inhibition not only increases the number
of oligodendrocytes and oligodendrocyte precursor cells but also
promotes the formation of myelin (Azim and Butt, 2011). FLX
might promote oligodendrocyte maturation by inhibiting the
expression and activity of GSK3β in the hippocampus of the
mouse AD model. In other words, FLX inhibits the expression
and activity of the GSK3β protein, but not by increasing the
levels of 5-HT1AR. Numerous other mechanisms might affect
GSK3β, such as the antagonization of LINGO1 to inhibit GSK3
activity (Zhao et al., 2008), but these mechanisms require
further research.

CONCLUSIONS

Early oligodendrocyte pathology in AD might be a key factor
in the prevention and treatment of AD. FLX may delay
the senescence of oligodendrocyte lineage cells and promote
oligodendrocyte maturation in the hippocampus of the APP/PS1
transgenic mouse. In addition, FLXmay regulate GSK3β through
a mechanism other than 5-HT1AR and then inhibit the negative
effect of GSK3β on oligodendrocyte maturation. However,

its further mechanisms remain to be studied. Nevertheless,
FLX might be a safe and effective medication for preventing
or delaying the progression of AD by ameliorating early
oligodendrocyte pathology, which might be regarded as a novel
therapeutic target.
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