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Abstract

Perfluorooctane sulfonate (PFOS) exerts adverse effects on neuronal development in young population. Limited evi-
dences have shown that early-life PFOS exposure holds a potential risk for developing age-related neurodegenerative
diseases such as Alzheimer’s disease later in life. The present study investigated the effects of lactational PFOS expo-
sure on cognitive function using one-year-old mice. Dams were exposed to PFOS (1 mg/kg body weight) through lac-
tation by gavage. Male offspring were used for the behavior test battery to assess cognitive function. Western blot
analysis was conducted to measure the levels of proteins related to the pathogenesis of Alzheimer’s disease. PFOS-
exposed mice displayed a mild deficiency in social recognition. In the hippocampus, the expression of tau protein
was significantly increased. These results underline a mild effect of developing PFOS exposure on cognitive function
and neurodegeneration. The present study presents the long-lasting effects of PFOS in middle-aged period and war-

rants a potential aftermath.
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Background

Perfluorooctane sulfonate (PFOS) is classified to per-
and polyfluoroalkyl substances (PFAS). Substances in
PFAS family have an amphiphilic property and thus
were once utilized as a surfactant for various industrial
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and commercial products including a firefighting foam,
water- and oil-repellent carpets, or coated cookware [1].
Another chemical property of strong carbon—fluorine
bonds makes PFAS hard to decompose and remain in the
environment almost forever. As PFAS has accumulated
in water, soil, air, and biota [2], humans could be easily
exposed to such environmental chemicals. Indeed, PFAS
has been detected in human serum and has exerted a
series of toxic effects on the human body including the
reproductive system, endocrine system, immune system,
and so on [1].

In particular, the neurodevelopmental toxicity has been
cautioned by previous studies both in humans and ani-
mals. Prenatal exposure to PFOS, is associated with lower
cognitive performance in two-year-old children and poor
nonverbal working memory in three and a half-year-old
children [3, 4]. The cohort studies reported the nega-
tive association between maternal PFOS concentration
and intelligence in preschool-aged and 7-year-old boys
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[5, 6]. In animal studies, we previously reported that the
lactational PFOS exposure impairs learning and memory
in male offspring [7]. Similarly, PFOS exposure during
gestation and lactation reduces the spatial learning and
memory abilities of the offspring, alongside the decrease
in expression of proteins related to synaptic plasticity in
the hippocampus [8]. The impairment in cognitive func-
tion can be explained by the PFOS effects on synaptic
transmission and plasticity both in pre- and post-synap-
tic hippocampal neurons, as the gestational PFOS expo-
sure inhibited long-term potentiation and suppressed
paired-pulse facilitation of offspring [9]. We previously
reported exactly the same finding in the cerebellum [10].
These findings clearly indicate that an early-life PFOS
exposure gives a rise to the onset of neurodevelopmental
retardation in child- or young adulthood.

Not only young population, but aging population is
also highly vulnerable to PFOS toxicity, especially in
terms of developing age-related neurodegenerative dis-
eases. People living in the PFOS-contaminated area have
higher odds ratio for developing Alzheimer’s disease
and dying from Alzheimer’s disease-related causes com-
pared to people living in the noncontaminated area [11].
Another screening study found the specific genomic pro-
file pattern with a predisposition to Alzheimer’s disease
in people who drink PFOS-contaminated water [12]. The
animal studies with developmental PFOS exposure have
observed the major pathological hallmarks of Alzhei-
mer’s disease such as increased tau phosphorylation and
protein expression as well as amyloid precursor protein
and amyloid-8 1-42 in adulthood [13, 14]. These find-
ings could be a strong backbone to raise a hypothesis that
PFOS may increase the expression of pivotal proteins in
Alzheimer’s disease. However, these studies have a cer-
tain limitation of the experimental design such that they
examined such biomarker proteins for Alzheimer’s dis-
ease at postnatal day (PD) 20 and 90, which are not suf-
ficiently old to assess age-related neurodegeneration [13,
14]. Thus, further investigation is needed at the older
ages.

To investigate a potential risk of PFOS exposure in
developing aging-induced neurodegenerative diseases
such as Alzheimer’s disease, the present study examined
the effects of lactational PFOS exposure on cognitive
function using one-year-old (PD > 365) aged male mice.

Methods
Chemical, animals, and treatment
PFOS (purity > 98.0%) was purchased from Sigma
Aldrich (St. Louis, MO, U.S.A.) and dissolved with 0.5%
Tween 20 (Sigma Aldrich) in deionized water.

Under the council of the Animal Care and Experimen-
tation Committee of Gunma University, the protocol for
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the animal experiment in the present study was approved
(protocol number: 19-075). Female C57BL/6] mice were
purchased from Japan SLC (Hamamatsu, Japan). On
arrival, they were all pregnant at the gestational day 14
and immediately assigned to a single cage per each dam.
PD 0 was considered as the day of delivery. The light cycle
of the breeding room is 7:00-19:00. The temperature and
humidity were kept 22—-24 °C and 30-60%, respectively.
Mice were allowed to reach food and water ad libitum.

After the delivery, PFOS was exposed to dams by gav-
age at the concentration of 1 mg/kg body weight during
the lactation (PD 0- 14) as previously described [10].
Subsequently, the pups were exposed to PFOS through
the breast milk. The equivalent volume of Tween 20 was
given to the control dams for the same duration of period.
Pups were isolated from their biological dams at PD 21.
Only male offspring were used for the experiments at
1 year old (PD 365). The body weight was measured at
six time points from PD 300 to PD 365. The whole brain
weight was measured when sampling at PD 365. The use
of female mice was avoided to exclude the hormonal
effects of unstable estrous cycle and menopause in aging
period ([15]). Nine mice were used for all behavioral tests
in each group.

Circadian locomotor activity test

The spontaneous locomotion with the circadian rhythm
was tested using the method previously described [16].
A single mouse was put in the standard cage (23.5 cm x
16.5 cm x 13 cm) with food and water ad libitum. Mice
were habituated in the novel cage for one day. For the
next two days, the spontaneous locomotion was recorded
in real time by an infrared sensor placed over the cage.
Data were accumulated in an online data-acquisition sys-
tem (NS-ASS01, O’hara & Co., Ltd., Tokyo, Japan).

Open field test

Locomotor activity in an open field (45 cm x 45 cm x
20 cm) was analyzed as described before [17]. The activ-
ity was detected by 16 x 16 crossed infrared beams at
intervals of 2.5 cm on the sides (LE 8811; Panlab, S.L.U.,
Barcelona, Spain) and tracked for 30 min by Acti-Track
program (Panlab, S.L.U.). As a parameter, traveling dis-
tance and time in the center area were calculated.

Visual discrimination test

The pairwise visual discrimination test was conducted
to examine learning ability as previously described [7].
Prior to the experiment, the training session was held
for five days to habituate mice to the test system. In the
30-min session, mice leaned to get a food pellet when
they touched either of the paired panels displaying the
same images in the chamber apparatus (O’hara & Co.,
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Ltd). To motivate mice to get food, they were fasted over
night before the training session. In the test session, two
panels randomly switch to display the different images,
horizontal or vertical stripes, during 50 trials. Mice were
rewarded a food pellet only when they touched the cor-
rect panel (horizontal), but not rewarded when they
touched the wrong panel (vertical). The percentage of
choosing the correct panel out of 50 trials was calculated
as % Correct. The test session was conducted for nine
days.

Object location test and object recognition memory test

Both of object location test and object recognition test
were carried out to assess spatial memory in the same
way as the young-adult mice did [7]. Following the
30-min habituation in an open arena (length, 30 cm;
width, 30 cm; height, 39 ¢cm), two identical objects were
installed at the two diagonal corners at the end of one
side of the arena (7.5 cm from each adjacent wall) and
mice were given five minutes to explore them. Twenty-
four hours later, mice were brought back to the arena
where one of the objects was moved to a novel location
(i.e., any one of the corners adjacent to the familiar one)
and again given five minutes to explore (object location
test). Another 24 h later, mice were introduced to a novel
object which replaces one of the objects they saw one day
ago and again given five minutes to explore (object recog-
nition memory test). Test analysis was conducted using
discrimination index as calculated by (time,,,—timeg,
miliar)/ (time, o+ timeg, . ) following the previous study

[7].

Elevated plus maze test

To investigate the anxiety-like behavior, the elevated
plus maze test was conducted following the protocol
in the previous study [10]. In brief, mice were placed in
the center of the elevated pulse maze apparatus (LD-
EPMM52515, LabDesign, Ibaraki, Japan). No habitua-
tion phase was preceded. The behavior was recorded by
the video camera placed over the apparatus for 10 min.
ANY-maze ver. 6.3 (Stoelting Co., Wood Dale, IL, U.S.A.)
was used to measure the time spent in an open arm and
closed arm.

Light-dark chamber test

The anxiety-like behavior was examined using the light
chamber (15 cm x 15 cm x 15 cm) with an access to the
same-sized dark chamber through a 7 cm x 7 cm window
as previously described [10]. ANY-maze ver. 6.3 (Stoelt-
ing Co.) was used to measure the time spent in the light
chamber.
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Marble burying test

Following the previous study [10], a single mouse was
placed in the cage (25 cm x 15 cm x 15 cm) with 20
marbles on a woodchip bedding (3 cm in depth). After
30 min, the number of unburied marbles was counted.

Three-chamber social interaction test

The three-chamber social interaction test was conducted
to examine the social behavior using the same proto-
col mentioned in the previous paper [10]. Mice were
habituated to the three-chamber box (39 cm x 20 cm x
30 cm) for five minutes. In the session 1, a tested mouse
was introduced to a novel mouse (“stranger 1, age- and
sex-matched) in a small box in the chamber 1. The box
in the chamber 2 was empty. Time the tested mouse
approached to each box was counted for 10 min. In the
session 2, another novel mouse (“stranger 2’, age- and
sex-matched) was placed in the chamber 1. Again, the
approaching time to each chamber was counted for
10 min. The sessions were recorded by the video camera
located over the apparatus and analyzed by ANY-maze
ver. 6.3 (Stoelting Co.).

Western blot analysis

The hippocampal tissues were collected from randomly
selected five mice in each group at one year old. The
whole brain was coronally sectioned using the rodent
brain matrix (ASI Instruments, Inc., Warren, MI, U.S.A.)
with a range of bregma—3.28 to 1.95 mm according to
the hippocampal region of Allen Mouse Brain Atlas [18].
Total protein was extracted following the homogeniza-
tion of the tissue samples using a Cell Lysis Buffer (Cell
Signaling Technology, Danvers, MA, U.S.A.) containing
protease inhibitors (cOmplete™, Mini Protease Inhibi-
tor Cocktail, Roche, Basel, Switzerland). The protein
concentration was measured by the Bradford protein
assay (Bio-Rad Laboratories, Inc., Hercules, CA, U.S.A.)
based on the instruction provided by the manufacture.
Following the boiling with 2xLaemmli Sample Buffer
(Bio-Rad Laboratories, Inc.) for five minutes, 4 ug/10 ul
protein samples were loaded to 4—20% Mini-PROTEAN
TGX gel (Bio-Rad Laboratories, Inc.) for the electropho-
resis. The separated products were transblotted to the
Amersham™ Protran” 0.2 um nitrocellulose blotting
membranes (GE Healthcare, Chicago, IL, U.S.A.). The
membranes were blocked for one hour with Blocking
One or Blocking One-P for the phosphorylated protein
(NACALAI TESQUE, INC.,, Kyoto, Japan). The overnight
incubation at 4 °C was carried out with the appropriate
diluted primary antibodies for GSK3 $ (1:1000, #12456,
Cell Signaling Technology), tau (1:1000, #4019, Cell Sign-
aling Technology), phosphorylated tau (Ser404) (1:1000,
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#20194, Cell Signaling Technology), and GAPDH (1:1000,
#2118, Cell Signaling Technology). After the rinse with
Tris-buffered saline containing 0.1% Tween 20, horserad-
ish peroxidase-conjugated anti-rabbit (1:10000, #7074,
Cell Signaling Technology) or anti-mouse (1:10000,
#7076, Cell Signaling Technology) were applied to the
membranes for 1-h incubation at room temperature.
After the rinse, Chemi-Lumi One Ultra (NACALAI
TESQUE, INC.) was applied to the membrane for five
minutes. Blotting images were obtained using LAS 4010
(GE Healthcare). GAPDH was used as a loading control.
The untrimmed images of blotting membrane are pro-
vided as a supplemental file.

Statistical analysis

Data analysis of all experiments was carried out using
GraphPad Prism 10 for macOS (www.graphpad.com,
San Diego, CA, U.S.A.). Two-way ANOVA was carried
out for the body weight, locomotion activity test, open
field test and the visual discrimination test. Unpaired
t-test was conducted for the rest of experiments except
brain weight, marble burying test and the protein analysis
which were done by Mann—Whitney test. When p value
was <0.05, the result was considered as statistically sig-
nificant. All data are expressed as the mean £ standard
error of the mean (SEM).

Results

Body and brain weights

Body and brain weights were monitored in middle age
to examine the long-lasting effects of developing PFOS
exposure on body mass. There was no change in body
weight from PD 300 to 365 between the control and
the PFOS groups (F (1, 16)=0.1805, p=0.68, Fig. 1A).
In addition, the whole brain weight of the PFOS group
was comparable to that of the control group at PD 365

>
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([control] 0.48 £+ 0.01 g, [PFOS] 0.49 + 0.01 g, Mann—
Whitney /=33, p=0.55, Fig. 1B). Overall, the lactational
PFOS exposure has no effects on the body mass in mid-
dle-aged period.

Locomotor activity in a home cage and an open field

To examine the basal activity level in a home cage and a
novel environment, locomotor activity test and open field
test were conducted, respectively. There was no differ-
ence in the locomotor activity in a home cage between
the control and the PFOS groups both in the light and
dark period (two days) (F (1, 16)=0.00034, p=0.99,
Fig. 2A). In an open field, the traveling distance and time
spent in a center area were not changed in the PFOS
group (traveling distance: F (1, 16)=0.304, p=0.59,
center time: F (1, 16)=1.703, p=0.21, Fig. 2B-C). These
results indicate that the lactational PFOS exposure has
no effects on the locomotor activity level in middle-aged
period.

Learning ability

Pairwise visual discrimination test was conducted to
monitor learning ability. During the 9-day test period,
the PFOS mice displayed an increase in the percentage
of the correct answer (% Correct) day by day in the same
manner as the control mice (F (1, 16)=2.327, p=0.15,
Fig. 3A). There was no between-group difference in %
Correct on each day. This result suggests that the lacta-
tional PFOS exposure has no effects on learning ability in
middle-aged period.

Spatial memory

Object location test and object recognition memory test
were carried out to assess spatial memory. In object loca-
tion test, PFOS mice showed significantly lower discrimi-
nation index compared to the control mice ([control]

B
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mice during two-day monitoring (A). In an open filed, there were no differences in total travelling distance (B) and percentage of time spent
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0.1894 + 0.08686, [PFOS] -0.2824 + 0.07413, Mann—
Whitney U=4, p=0.0005, Fig. 3B), indicating that they
barely discriminated the novel location of the object. In
object recognition memory test, PFOS mice tended to
have lower discrimination index but not at the statisti-
cally significant level ([control] 0.1533 £ 0.1210, [PFOS]
-0.1326 £ 0.07899, Mann—Whitney U=4, p=0.0653,
Fig. 3C). Taken together, these results suggest that spatial
memory is impaired in PFOS-exposed mice in the middle
age.

Anxiety-like behavior

Elevated pulse maze test, light—-dark chamber test,
and marble burying test were carried out to assess an
anxiety-like behavior. For 10 min in the session in the
elevated pulse maze test, there was no change in time
spent both in an open arm and a closed arm between
the control and the PFOS groups, although the PFOS
group slightly tended to decrease the time spent in an
open arm (open arm: [control] 62.63 £+ 11.9 s, [PFOS]
37.13 £ 7.33 s, t=1.824, p=0.0868, closed arm: [con-
trol] 455.6 £ 17.75 s, [PFOS] 490.3 £ 12.47 s, t=1.603,

p=0.13, Fig. 4A). Similarly, there was a tendency in
the PFOS group to decrease the time spent in an open
arm in percentage but without a statistical signifi-
cance ([control] 10.42 + 1.99%, [PFOS] 6.189 + 1.22%,
t=1.813, p=0.0886, Fig. 4B). The total traveling dis-
tance was not changed between groups ([control] 7.196
+ 0.73 m, [PFOS] 6.644 + 0.83 m, £=0.5016, p=0.62,
Fig. 4C). In the light—dark chamber test, PFOS tended
to decrease the time spent in light chamber but with no
significant difference ([control] 259.6 &+ 20.03 s, [PFOS]
179.6 &+ 34.75 s, t=1.993, p=0.0637, Fig. 4D). The time
spent in the dark chamber was significantly increased in
the both groups (control: [light] 259.6 &+ 20.03 s, [dark]
340.4 £ 20.03 s, t=2.855, p=0.012, PFOS: [light] 179.6
+ 34.75 s, [dark] 420.4 4+ 34.75 s, t=4.898, p=0.001,
Fig. 4E). Finally, the marble burying test revealed no
differences in the number of unburied marbles between
groups ([control] 10.78 + 1.402, [PFOS] 13.22 + 1.588,
Mann-Whitney U=25.5, p=0.1943, Fig. 4F). Taken
together, there was no obvious effects of PFOS on the
anxiety-like behavior in middle-aged period.
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Social recognition t=3.106, p=0.007, PFOS: [stranger 1] 128.2 £ 9.284 s,
Three-chamber social interaction test was conducted to  [empty] 82.84 + 6.367 s, £=4.032, p=0.001, Fig. 5A).
investigate the lactational PFOS effects on social behav-  In the session 2, the control mice spent longer time on
ior. In the session 1, both groups spent longer time on interacting with stranger 2 than stranger 1 ([stranger
approaching to stranger 1 than to an empty box (con- 2] 138.5 + 9.86 s, [stranger 1] 88.02 £ 8.79 s, t=3.82,
trol: [stranger 1] 138.4 £ 13.6 s, [empty] 85.7 + 10.16 s, p=0.0015, Fig. 5B). However, there was no difference



Ninomiya et al. The Journal of Physiological Sciences (2024) 74:15 Page 7 of 11
open closed
arm arm
600 p=0.1286 S 25- 157
o < T
) <
3 @ % g 20 o
£ i c 2 ., T
£ 400 g 15 8 10
c o 2 o
b £ a ¥
= = 10 =
& 200 PZ00868 5 £ 5 o]
n o ° ol&
2 g 5 :
S @ & £ =
0 I - I 1 = o I I 0 1 I
& QO% & {(06 Control PFOS Control PFOS
s R s Q
D E 600 - F
8 20+
400 - * 2 T
z — 5
[e)e)
= £ 8 400 £ 154 5
_ 8 300 g5 2 ° +
f= E » o 5
32 o 2 E 2 10+ '
®G @ 200 E £ c °
gz F § 200 w o| ¥
2 £ o 54 ob
€ 100 2
0-—— § o
SIS
0 T T \‘}0? Q’b‘ Control PFOS
Control PFOS
Control PFOS

Fig. 4 The effects of lactational PFOS exposure on anxiety-like behavior in middle-aged period. There was no significant difference in time
spentin an open arm and a closed arm between groups in the session of the elevated pulse maze test (A). Also, time spent in an open arm did
not differ between groups in percentage (B). The total traveling distance in an elevated pulse maze was comparable between groups (C). In

the light—dark chamber test, no significant difference was detected in time spent in the light chamber between control and PFOS groups (D). Both
groups increased time spent in a dark chamber at the statistically significant level (E). No difference in number of unburied marbles was observed
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mice in each group

in the interaction time between stranger 1 and 2 in the
PFOS mice ([stranger 2] 112.2 + 8.98 s, [stranger 1] 95.91
+15.51s,t=0.91, p=0.3763, Fig. 5B), suggesting that the
lactational PFOS exposure may have a long-lasting effect
on social recognition in middle-aged period.

Expression of Alzheimer’s disease-related proteins

in the hippocampus

Western blot analysis was carried out to examine the
expression level of proteins related to Alzheimer’s dis-
ease pathogenesis. The result revealed the significant
increase in tau protein in the hippocampus of aged PFOS
mice compared to the control mice ([control] 1.00 & 0.27,
[PFOS] 1.998 + 0.37, Mann—Whitney U=3, p=0.04,
Fig. 6). There was no significant difference in the expres-
sions of glycogen synthase kinase-3 beta (GSK3 B) pro-
tein and phosphorylated tau (Ser404) protein in the

PFOS mice (GSK3 f: [control] 1.00 + 0.08, [PFOS] 1.05 +
0.06, Mann—Whitney U=9, p=0.5476, Ser404: [control]
1.00 £ 0.37, [PFOS] 1.449 =+ 0.23, Mann—Whitney U=9,
p=0.5476, Fig. 6).

Discussion

The present study examined the long-lasting effects of
early-life exposure to PFOS on behavioral alteration of
middle-aged mice. We found the mild effects on social
recognition and the increased expression of tau protein in
the hippocampus of middle-aged mice who were exposed
to PFOS though the breast milk during the lactation.

As learning and memory weigh heavily in cognition,
their degradation is getting prominent as aging [19].
Nevertheless, we found no change in learning ability in
the middle-aged PFOS group in the visual discrimina-
tion test (Fig. 3A). We previously examined the effects
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of lactational PFOS exposure on learning of young adult
mice using the same protocol and found that PFOS mice
show the significant impairment in learning for the test
duration of nine days [7]. Their percentage of correct
answer started from 50% on Day 1 and ended up with
70% on Day 9, which is almost the same as what we
observed in the present study for both groups (Fig. 3).
Remarkably, the learning efficiency of control mice has
drastically attenuated in middle-aged period compared to
young adulthood [7]. In the previous study, they already
reached 80—90% of correct answer rate on Day 6 and kept
it for the last three days of the experiment (showing a
“plateau” effect). On the other hand, they did not show
a plateau in the learning curve and the improvement in
their performance was enormously slow (Fig. 3). If we
consider this change as an aging effect, it comes hard
to interpret the result of PFOS mice showing no change
in learning efficiency over time. This may indicate that
the PFOS effects on learning still persist in middle-aged
period. However, the present result cannot tell with-
out any significant differences from the control group
whose performance may be masked by aging effect. In
the meantime, PFOS mice displayed the impaired spatial
memory in object location test, which is consistent with
the young-adult mice [7]. However, the result of object
recognition memory conflicts with what we observed in
the young-adult mice which displayed the disruption in
discriminating the replaced novel object [7].

Not only learning and memory, but aging also affects
social and affective processing [20]. In terms of affec-
tive domains, the developing PFOS exposure had
no effects on an anxiety-like behavior in middle age
(Fig. 4), which is consistent with our previous obser-
vation in young adults [10]. On one hand, the results
from three-chamber social interaction test tells a dif-
ferent PFOS effect between younger age and older age
(Fig. 5). In the session 1, both control and PFOS mice
preferred interacting with animate object (stranger 1)
to exploring an empty box (Fig. 5A). This indicates that
the curiosity for the stranger is preserved in aged PFOS
mice. However, in the session 2, whereas the control
mice showed a significant increase in interaction with
another stranger who was introduced to the chamber
environment (stranger 2) compared to the familiar one
(stranger 1), PFOS mice spent almost the same time
on interacting with stranger 2 as stranger 1 (Fig. 5B).
These results may suggest that there is a difficulty in
middle-aged PFOS mice in distinguishing individuals.
Given that this effect was not previously observed in
young adults [10], this could be related with age-related
mental disabilities such as dementia, in which patients
are unable to memorize and recognize individuals fol-
lowing the cognitive dysfunction [21]. The past studies
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have presented a correlation between PFOS exposure
and Alzheimer’s disease, which accounts for approxi-
mately 60—-80% of dementia [11-14]. In a prodromal
stage of Alzheimer’s disease, the atrophy of the anterior
hippocampus, equivalent to the ventral hippocampus
in mice, is primarily observed [22]. Social discrimina-
tory behavior is maintained by the activation of ventral
hippocampal neurons projecting to the nucleus accum-
bens, followed by calcium-induced firing of ventral hip-
pocampal neurons [23]. The effects of perinatal PFOS
exposure on calcium-dependent signaling in rat’s hip-
pocampus is shown by inhibition of LTP and the change
in gene expression such as Ca?*/calmodulin-dependent
kinase II alpha and calmodulin after development [9,
24]. These electrophysiological and molecular changes
could happen in younger age, however, we observed no
change in social recognition in young adulthood [10].
In older age, the accumulation of such PFOS neuro-
toxicity from early life may eventually make the ventral
hippocampal neurons vulnerable to neurodegeneration.

Hyperphosphorylation of tau, an intracellular micro-
tubule-binding protein, is considered as one of the major
hallmarks of Alzheimer’s disease [25]. In such pathologi-
cal conditions, the binding affinity of tau to microtubules
is weakened, leading to the disruption of axonal trans-
port ([25]). GSK3 B plays an important role in phospho-
rylation of tau protein at specific sites such as Ser404,
Ser202, Thr181, Ser199 [26]. There were no changes in
GSK3 g and phosphorylated tau at Ser404 (Fig. 6), indi-
cating phosphorylation pathway of tau protein may not
be affected by the PFOS exposure. For the limitation of
the present study, phosphorylation of GSK3 g could
have been examined as GSK3 g activation ([27]). There
is a possibility that PFOS may inhibit phosphorylation of
GSK3 B, leading to no change in GSK3 g protein levels.
The other phosphorylation sites of tau protein should be
investigated in the further studies as well. In the present
study, we found a significant increase in tau protein in the
hippocampus of middle-aged PFOS mice (Fig. 6), which
is consistent with the previous study using both pre- and
postnatal PFOS exposure rat model [13]. The increase
in total tau causes neuronal damage, whereas hyper-
phosphorylation of tau causes neurofibrillary tangles
[28, 29]. Accordingly, it is likely that the early-life PFOS
exposure in the present study induces neuronal damage
in the hippocampus later in life. Alternatively, no change
in tau phosphorylation pathway may account for the
mild impairments in cognitive behavior observed in the
present study. The other study using the neonatal PFOS
exposure model reported that an elevation of tau expres-
sion in the brain is associated with the altered response of
the cholinergic system in adulthood [30]. The subsequent
effects on synaptic plasticity and cognitive function in
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aged PFOS models should be warranted by the further
investigations.

Although we used older model compared to the pre-
vious studies [13, 14], one year old is still considered as
“middle age’, equivalent to early-middle 40 s in human
age [31]. As Alzheimer’s disease most commonly affects
older adults aged > 65 years [32], the current model is not
completely appropriate to assess age-related disease. Yet,
it can also happen in younger people in their 30 s or 40 s,
known as early-onset Alzheimer’s disease. The symptoms
and progresses of early-onset Alzheimer’s disease is the
same as late-onset Alzheimer’s disease in older people
[33]. The pathogenesis is also common in early- and late-
onset Alzheimer’s disease, accumulation of amyloid-g
plaques and tau tangles [33]. Therefore, the present find-
ing could account for the PFOS effects on early-onset
Alzheimer’s disease at least. Further studies are needed
with more aged models at the age of 18-24 months to
monitor the change in cognition and biomarkers for the
disease.

Conclusions

The present study revealed that an early-life exposure to
PFOS remains a mild cognitive impairment, in particu-
lar social recognition, in middle-aged period. Even with
a mild impairment, taken together with previous reports,
the current findings call attention to the certain risks for
neurodegenerative diseases in aging population with an
early history of PFOS exposure.

Abbreviations

PFOS Perfluorooctane sulfonate

PFAS Per- and polyfluoroalkyl substances
PD Postnatal day

SEM Standard error of the mean

GSK3B  Glycogen synthase kinase-3 beta

Acknowledgements
Not applicable.

Author contributions

AN and IA conceived the study design, conducted experiments and wrote a
manuscript. HS and YF advised on the study and technically supported west-
ern blotting. AH and NK supervised the study and a manuscript.

Funding
This work was supported by the JSPS KAKENHI Grant Numbers 22J11280 (to
AN.) and JP24710068 (to A.H.).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Under the council of the Animal Care and Experimentation Committee of
Gunma University, the protocol for the animal experiment in the present study
was approved (protocol number: 19-075).

Page 10 of 11

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 October 2023 Accepted: 22 February 2024
Published online: 05 March 2024

References

1. Espartero LJL, Yamada M, Ford J, Owens G, Prow T, Juhasz A (2022)
Health-related toxicity of emerging per- and polyfluoroalkyl substances:
comparison to legacy PFOS and PFOA. Environ Res 212(Pt C):113431.
https://doi.org/10.1016/j.envres.2022.113431

2. Kannan K, Franson JC, Bowerman WW, Hansen KJ, Jones PD, Giesy JP
(2001) Perfluorooctane sulfonate in fish-eating water birds including bald
eagles and albatrosses. Environ Sci Technol 35(15):3065-3070. https://doi.
org/10.1021/es001935i

3. LuoF,Chen Q,YuG, Huo X, Wang H, Nian M et al (2022) Exposure to
perfluoroalkyl substances and neurodevelopment in 2-year-old children:
a prospective cohort study. Environ Int 166:107384. https://doi.org/10.
1016/j.envint.2022.107384

4. Skogheim TS, Villanger GD, Weyde KVF, Engel SM, Surén P, @ie MG et al
(2020) Prenatal exposure to perfluoroalkyl substances and associations
with symptoms of attention-deficit/hyperactivity disorder and cognitive
functions in preschool children. Int J Hyg Environ Health 223(1):80-92.
https://doi.org/10.1016/j.ijheh.2019.10.003

5. Goodman CV, Till C, Green R, El-Sabbagh J, Arbuckle TE, Hornung R
et al (2023) Prenatal exposure to legacy PFAS and neurodevelopment
in preschool-aged Canadian children: the MIREC cohort. Neurotoxicol
Teratol 98:107181. https://doi.org/10.1016/j.ntt.2023.107181

6. Tanner EM, Hallerbdck MU, Wikstréom S, Lindh C, Kiviranta H, Gennings
Cetal (2020) Early prenatal exposure to suspected endocrine disruptor
mixtures is associated with lower IQ at age seven. Environ Int 134:105185.
https://doi.org/10.1016/j.envint.2019.105185

7. Mshaty A, Haijima A, Takatsuru Y, Ninomiya A, Yajima H, Kokubo M et al
(2020) Neurotoxic effects of lactational exposure to perfluorooctane sul-
fonate on learning and memory in adult male mouse. Food Chem Toxicol
145:111710. https://doi.org/10.1016/}.fct.2020.111710

8. WangV, LiuW, Zhang Q, Zhao H, Quan X (2015) Effects of developmental
perfluorooctane sulfonate exposure on spatial learning and memory abil-
ity of rats and mechanism associated with synaptic plasticity. Food Chem
Toxicol 76:70-76. https://doi.org/10.1016/}.fct.2014.12.008

9. Zhang Q, LiuW, Zhao H, Zhang Z, Qin H, Luo F et al (2019) Developmen-
tal perfluorooctane sulfonate exposure inhibits long-term potentiation
by affecting AMPA receptor trafficking. Toxicology 412:55-62. https://doi.
org/10.1016/j.tox.2018.11.015

10. Ninomiya A, Mshaty A, Haijima A, Yajima H, Kokubo M, Khairinisa MA et al
(2022) The neurotoxic effect of lactational PFOS exposure on cerebellar
functional development in male mice. Food Chem Toxicol 159:112751.
https://doi.org/10.1016/jfct2021.112751

11. Mastrantonio M, Bai E, Uccelli R, Cordiano V, Screpanti A, Crosignani P
(2018) Drinking water contamination from perfluoroalkyl substances
(PFAS): an ecological mortality study in the Veneto Region, Italy. Eur J
Public Health 28(1):180-185. https://doi.org/10.1093/eurpub/ckx066

12. Xu, Jurkovic-Mlakar S, Li'Y, Wahlberg K, Scott K, Pineda D et al (2020)
Association between serum concentrations of perfluoroalkyl substances
(PFAS) and expression of serum microRNAs in a cohort highly exposed
to PFAS from drinking water. Environ Int 136:105446. https://doi.org/10.
1016/j.envint.2019.105446

13. Zhang Q, Zhao H, Liu W, Zhang Z, Qin H, Luo F et al (2016) Developmen-
tal perfluorooctane sulfonate exposure results in tau hyperphospho-
rylation and B-amyloid aggregation in adults rats: incidence for link to
Alzheimer's disease. Toxicology 347-349:40-46. https://doi.org/10.1016/j.
tox.2016.03.003

14. Basaly V, Hill J, Bihagi SW, Marques E, Slitt AL, Zawia NH (2021) Develop-
mental perfluorooctanesulfonic acid (PFOS) exposure as a potential risk


https://doi.org/10.1016/j.envres.2022.113431
https://doi.org/10.1021/es001935i
https://doi.org/10.1021/es001935i
https://doi.org/10.1016/j.envint.2022.107384
https://doi.org/10.1016/j.envint.2022.107384
https://doi.org/10.1016/j.ijheh.2019.10.003
https://doi.org/10.1016/j.ntt.2023.107181
https://doi.org/10.1016/j.envint.2019.105185
https://doi.org/10.1016/j.fct.2020.111710
https://doi.org/10.1016/j.fct.2014.12.008
https://doi.org/10.1016/j.tox.2018.11.015
https://doi.org/10.1016/j.tox.2018.11.015
https://doi.org/10.1016/j.fct.2021.112751
https://doi.org/10.1093/eurpub/ckx066
https://doi.org/10.1016/j.envint.2019.105446
https://doi.org/10.1016/j.envint.2019.105446
https://doi.org/10.1016/j.tox.2016.03.003
https://doi.org/10.1016/j.tox.2016.03.003

Ninomiya et al. The Journal of Physiological Sciences (2024) 74:15

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

factor for late-onset Alzheimer’s disease in CD-1 mice and SH-SY5Y cells.
Neurotoxicology 86:26-36. https://doi.org/10.1016/j.neuro.2021.06.008
Goto T, Hagihara M, Miyamichi K (2023) Dynamics of pulsatile activities of
arcuate kisspeptin neurons in aging female mice. Elife. https://doi.org/10.
7554/elife.82533

Haijima A, Lesmana R, Shimokawa N, Amano |, Takatsuru Y, Koibuchi N
(2017) Differential neurotoxic effects of in utero and lactational exposure
to hydroxylated polychlorinated biphenyl (OH-PCB 106) on spontaneous
locomotor activity and motor coordination in young adult male mice. J
Toxicol Sci 42(4):407-416. https://doi.org/10.2131/jts.42.407

Amano |, Takatsuru Y, Toya S, Haijima A, lwasaki T, Grasberger H et al
(2016) Aberrant cerebellar development in mice lacking dual oxidase
maturation factors. Thyroid 26(5):741-752. https://doi.org/10.1089/thy.
2015.0034

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A et al (2007)
Genome-wide atlas of gene expression in the adult mouse brain. Nature
445(7124):168-176. https://doi.org/10.1038/nature05453

Harvey PD (2019) Domains of cognition and their assessment. Dialogues
Clin Neurosci 21(3):227-237. https://doi.org/10.31887/DCNS.2019.21.3/
pharvey

Kensinger EA, Gutchess AH (2017) Cognitive aging in a social and affec-
tive context: advances over the past 50 years. J Gerontol B Psychol Sci Soc
Sci 72(1):61-70. https://doi.org/10.1093/geronb/gbw056

Association AP. Diagnostic and statistical manual of mental disorders (5th
ed.) 2013.

Maruszak A, Thuret S (2014) Why looking at the whole hippocampus is
not enough—a critical role for anteroposterior axis, subfield and activa-
tion analyses to enhance predictive value of hippocampal changes for
Alzheimer’s disease diagnosis. Front Cell Neurosci. https://doi.org/10.
3389/fncel.2014.00095

Okuyama T, Kitamura T, Roy DS, Itohara S, Tonegawa S (2016) Ventral CA1
neurons store social memory. Science 353(6307):1536-1541. https://doi.
org/10.1126/science.aaf7003

Liu X, Liu W, Jin'Y, Yu W, Wang F, Liu L (2010) Effect of gestational and
lactational exposure to perfluorooctanesulfonate on calcium-dependent
signaling molecules gene expression in rats'hippocampus. Arch Toxicol
84(1):71-79. https://doi.org/10.1007/500204-009-0467-2

Garcia ML, Cleveland DW (2001) Going new places using an old MAP: tau,
microtubules and human neurodegenerative disease. Curr Opin Cell Biol
13(1):41-48. https://doi.org/10.1016/50955-0674(00)00172-1

Martin L, Latypova X, Wilson CM, Magnaudeix A, Perrin ML, Yardin C et al
(2013) Tau protein kinases: involvement in Alzheimer’s disease. Ageing
Res Rev 12(1):289-309. https://doi.org/10.1016/j.arr.2012.06.003

Lauretti E, Dincer O, Praticd D (2020) Glycogen synthase kinase-3
signaling in Alzheimer’s disease. Biochim Biophys Acta Mol Cell Res
1867(5):118664. https://doi.org/10.1016/j.bbamcr.2020.118664

Hesse C, Rosengren L, Andreasen N, Davidsson P, Vanderstichele H,
Vanmechelen E et al (2001) Transient increase in total tau but not
phospho-tau in human cerebrospinal fluid after acute stroke. Neurosci
Lett 297(3):187-190. https://doi.org/10.1016/50304-3940(00)01697-9
Mattson MP (2004) Pathways towards and away from Alzheimer’s disease.
Nature 430(7000):631-639. https://doi.org/10.1038/nature02621
Johansson N, Fredriksson A, Eriksson P (2008) Neonatal exposure to per-
fluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) causes
neurobehavioural defects in adult mice. Neurotoxicology 29(1):160-169.
https://doi.org/10.1016/j.neuro.2007.10.008

Fox JG, Barthold S, Davisson M, Newcomer C, Quimby F, Smith A. The
mouse in Biomedical Research2006 December 5.

Lane CA, Hardy J, Schott JM (2018) Alzheimer's disease. Eur J Neurol
25(1):59-70. https://doi.org/10.1111/ene.13439

Ayodele T, Rogaeva E, Kurup JT, Beecham G, Reitz C (2021) Early-onset
Alzheimer’s disease: what is missing in research? Curr Neurol Neurosci
Rep 21(2):4. https://doi.org/10.1007/511910-020-01090-y

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11


https://doi.org/10.1016/j.neuro.2021.06.008
https://doi.org/10.7554/eLife.82533
https://doi.org/10.7554/eLife.82533
https://doi.org/10.2131/jts.42.407
https://doi.org/10.1089/thy.2015.0034
https://doi.org/10.1089/thy.2015.0034
https://doi.org/10.1038/nature05453
https://doi.org/10.31887/DCNS.2019.21.3/pharvey
https://doi.org/10.31887/DCNS.2019.21.3/pharvey
https://doi.org/10.1093/geronb/gbw056
https://doi.org/10.3389/fncel.2014.00095
https://doi.org/10.3389/fncel.2014.00095
https://doi.org/10.1126/science.aaf7003
https://doi.org/10.1126/science.aaf7003
https://doi.org/10.1007/s00204-009-0467-2
https://doi.org/10.1016/s0955-0674(00)00172-1
https://doi.org/10.1016/j.arr.2012.06.003
https://doi.org/10.1016/j.bbamcr.2020.118664
https://doi.org/10.1016/s0304-3940(00)01697-9
https://doi.org/10.1038/nature02621
https://doi.org/10.1016/j.neuro.2007.10.008
https://doi.org/10.1111/ene.13439
https://doi.org/10.1007/s11910-020-01090-y

	Lactational exposure to perfluorooctane sulfonate remains a potential risk in brain function of middle-aged male mice
	Abstract 
	Background
	Methods
	Chemical, animals, and treatment
	Circadian locomotor activity test
	Open field test
	Visual discrimination test
	Object location test and object recognition memory test
	Elevated plus maze test
	Light–dark chamber test
	Marble burying test
	Three-chamber social interaction test
	Western blot analysis
	Statistical analysis

	Results
	Body and brain weights
	Locomotor activity in a home cage and an open field
	Learning ability
	Spatial memory
	Anxiety-like behavior
	Social recognition
	Expression of Alzheimer’s disease-related proteins in the hippocampus

	Discussion
	Conclusions
	Acknowledgements
	References


