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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) are a
group of persistent environmental pollutants that are ubiquitously
found in the environment and virtually in all living organisms,
including humans. PFAS cross the blood−brain barrier and
accumulate in the brain. Thus, PFAS are a likely risk for
neurotoxicity. Studies that measured PFAS levels in the brains of
humans, polar bears, and rats have demonstrated that some areas
of the brain accumulate greater amounts of PFAS. Moreover, in
humans, there is evidence that PFAS exposure is associated with
attention-deficit/hyperactivity disorder (ADHD) in children and
an increased cause of death from Parkinson’s disease and
Alzheimer’s disease in elderly populations. Given possible links
to neurological disease, critical analyses of possible mechanisms of
neurotoxic action are necessary to advance the field. This paper critically reviews studies that investigated potential mechanistic
causes for neurotoxicity including (1) a change in neurotransmitter levels, (2) dysfunction of synaptic calcium homeostasis, and (3)
alteration of synaptic and neuronal protein expression and function. We found growing evidence that PFAS exposure causes
neurotoxicity through the disruption of neurotransmission, particularly the dopamine and glutamate systems, which are implicated in
age-related psychiatric illnesses and neurodegenerative diseases. Evaluated research has shown there are highly reproduced increased
glutamate levels in the hippocampus and catecholamine levels in the hypothalamus and decreased dopamine in the whole brain after
PFAS exposure. There are significant gaps in the literature relative to the assessment of the nigrostriatal system (striatum and ventral
midbrain) among other regions associated with PFAS-associated neurologic dysfunction observed in humans. In conclusion,
evidence suggests that PFAS may be neurotoxic and associated with chronic and age-related psychiatric illnesses and
neurodegenerative diseases. Thus, it is imperative that future mechanistic studies assess the impact of PFAS and PFAS mixtures on
the mechanism of neurotransmission and the consequential functional effects.
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1. INTRODUCTION
1.1. PFAS Overview. Per- and polyfluoroalkyl substances

(PFAS) [previously called perfluorochemicals (PFCs)] are a
group of thousands of man-made chemicals that are now
ubiquitously found in the environment and in living
organisms.1−3 PFAS have been manufactured for over 70
years due to their useful characteristics that include the ability
to repel dirt and water, act as a surfactant, and resist high
temperatures.3 Products containing PFAS include carpets,
furniture, corrosion resistant pipes, nonstick cookware, food
packaging, firefighting foam, and microwaveable food contain-
ers.2,4 PFAS have been identified as persistent organic
pollutants (POPs) or “forever chemicals” and continue to be
found in the environment and animals across the globe, even in
the Arctic and Antarctic regions, due to the decades of large-
scale manufacturing and uncontrolled pollution in the
environment.5−13

1.2. PFAS Exposure in Humans: Overview of Wide-
spread Public Health Concern. 1.2.1. Legacy and
Emerging PFAS Exposure. In 1938, polytetrafluoroethylene
(PTFE) (also known Teflon, which is used for nonstick
coatings) first manufactured by DuPont was produced using
perfluorooctanoic acid (PFOA, C-8), one of the common
legacy PFAS.14 A decade later, the 3M Company began
producing perfluorooctane sulfonyl fluoride (POSF), a PFAS
precursor that degraded into perfluorooctanesulfonate
(PFOS), the most prevalent legacy PFAS.14 Both PFOS and
PFOA contain eight carbons with seven carbons saturated with
highly stable carbon−fluorine bonds, and they differ by a single
functional group.7,14 By the late 1970s, PFAS were found in the
blood of PFAS industrial workers and in drinking water near
PFAS factories.14 In 1998, PFAS were found in nearly all
human blood bank samples in the United States.14

Due to concerns of bioaccumulation and toxicity, the U.S.
Environmental Protection Agency (U.S.EPA) convinced
industry to voluntarily stop or restrict production of PFOA,
PFOS, their precursors, and other related compounds between
2000 and 2007.6,7,14 Although the production of these PFAS
was reduced by 95% in 2010, PFOS and PFOA remain
prevalent in the environment in the United States due to
historical pollution, and they continue to be produced in some
countries worldwide.7,10,13,14 A 2020 study in Japan found that
100% of over 12 000 sampled mothers had PFOS measured in

their serum.15 A recent report on European PFAS exposure
reported PFAS with the highest levels in human serum are
PFOS (∼65% of total PFAS in adults, ∼35% of total PFAS in
children) and PFOA (∼15% of total PFAS in adults, ∼35% of
total PFAS in children).16 In a 2021 survey of environmental
PFAS contamination, the greatest contributing chemicals were
PFOS (29% of total PFAS) and perfluorobutyric acid (PFBA; a
four-carbon PFAS) (25% of total PFAS).13

Highly industrialized regions, such as south China, have
recently reported increasing environmental levels of PFAS
including both legacy and emerging PFAS.13 Furthermore, the
legacy PFAS have been replaced by PFAS containing fewer
carbons with less known toxic effects. For example, 2,3,3,3-
tetrafluoro-2-(heptafluoropropoxy)-propanoate (HFPO−DA,
GenX) has been used to replace PFOA in the manufacturing
of PTFE by DuPont.1 These emerging PFAS have been
presumed to have less propensity to bioaccumulate because of
having fewer carbons.1 Recent studies demonstrate the
replacement PFAS are being detected in the environment
and in animals including polar bears, ringed seals, and orca
whales.17 In 2021, Wang et al. reported the PFAS
perfluorohexanesulfonic acid (PFHxS) reached detectable
levels in the environment since 2016 in south China,13 and
PFHxS is currently detectable in the serum of adults and
children in Japan, Europe, and the United States,15,16,18

suggesting the PFAS with less carbons are likely able to
accumulate in the environment and in humans. Furthermore,
recent studies of HFPO−DA (GenX) have demonstrated
systemic and developmental toxicity, supporting the urgent
need to assess the toxicity of other emerging PFAS.19−21

1.2.2. PFAS Contamination of Food Sources and Health
Concerns. PFAS are currently found in human food and water
sources worldwide.10,13,16,22 PFOS continues to be the
dominant PFAS polluting the environment in the southern
Chinese rivers, streams, and ocean coastal regions.10,13 An
environmental exposure assessment determined that PFAS
accumulation is present in seafood consumed by humans.13

Crustaceans and fishes predominantly accumulated PFOS, and
noncrustacean shellfish accumulated more PFBA.13 The same
study found the largest PFAS quantities in the water to be
PFOS and PFBA with one region also having a higher
percentage of perfluorononanoic acid (PFNA) in the
samples.13 In 2021, Huang et al. found additional PFAS that
are gaining concern as potential health hazards in the south
Chinese rivers and streams, which include PFNA, perfluor-
ohexanesulfonate (PFHxS), PFBA, and perfluorobutanesulfo-
nate (PFBS).10 A European report of PFAS food contami-
nation found PFOS to be the highest PFAS contaminant in
food, and it was found in the highest quantities in the nonmeat
tissues of nonfish animals (game and farmed) and fishes,
followed by game animal meat and eggs/egg products.16

Another recent study comparing PFAS plasma levels in
humans with different diets demonstrated that people with
omnivorous diets had significantly higher levels of PFOS and
PFNA compared to those with vegan diets.22 Therefore, PFAS
exposure in humans through the environment and diet as well
as the consequences of PFAS exposure to human health are a
major concern.

The most studied PFAS, PFOS and PFOA, have been
demonstrated to produce toxic effects during development and
on the nervous, endocrine (including thyroid, sex, and stress
hormone pathways), immune, reproductive, cardiovascular,
and hepatic systems.1−3,18 However, neurotoxic adverse effects
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Table 1. Brain Region-Specific Accumulation of PFAS in Humans, Polar Bears, and Ratsa

human polar bear polar bear
rat

1 mg/kg/d
rat

10 mg/kg/d
rat dams

1 mg/kg/d
rat dams

2 mg/kg/d
rat pups

1 mg/kg/d
rat pups

2 mg/kg/d

study description 202265 20069 2011−201244 200323 200323 201740 201740 201740 201740

blood or serum (ng/
mL)b

total PFAS 291.9 158.4 − 10 480.0 45 446.0 20 400.0 38 200.0 19 300.0 37 200.0
PFOS 0.8 135.6 − 10 480.0 45 446.0 20 400.0 38 200.0 19 300.0 37 200.0
PFOA 217.4 3.7 − − − − − − −
PFHxS 71.0 19.1 − − − − − − −
PFHxA 2.6 n.d. − − − − − − −

Brain Subregions (ng/g)
cerebral cortexc

total PFAS 29.6 32.2−34.2 22.2−31.3 294.0 4487.0 1500.0 3100.0 6100.0 11 200.0
PFOS n.d. 30.5−32.8 20.5−29.7 294.0 4487.0 1500.0 3100.0 6100.0 11 200.0
PFOA 22.2 0.2−0.3 0.6 − − − − − −
PFHxS 4.6 1.4−1.5 1.0−1.2 − − − − − −
PFHxA 2.8 n.d. 0.0−0.1 − − − − − −

hypothalamus
total PFAS 206.9 60.1 23.2 <50 15 706.0 − − − −
PFOS n.d. 58.8 20.5 <50 15 706.0 − − − −
PFOA 158.9 n.d 1.5 − − − − − −
PFHxS 31.6 1.3 1.0 − − − − − −
PFHxA 16.4 n.d. 0.2 − − − − − −

hippocampus
total PFAS − − 28.2 115.0 8966.0 1200.0 2300.0 5000.0 9800.0
PFOS − − 23.7 115.0 8966.0 1200.0 2300.0 5000.0 9800.0
PFOA − − 2.6 − − − − − −
PFHxS − − 1.6 − − − − − −
PFHxA − − 0.4 − − − − − −

brain stem (midbrain,
pons/medulla)d

total PFAS 23.0 48.6 35.7 363.0 5346.0 − − − −
PFOS n.d. 46.9 33.4 363.0 5346.0 − − − −
PFOA 13.3 0.2 0.9 − − − − − −
PFHxS 8.6 1.3 1.2 − − − − − −
PFHxA 1.1 n.d. 0.1 − − − − − −

cerebellum
total PFAS 54.4 38.6 26.3 289.0 5540.0 1700.0 3100.0 7600.0 14 600.0
PFOS n.d. 36.5 24.5 289.0 5540.0 1700.0 3100.0 7600.0 14 600.0
PFOA 32.3 0.3 0.6 − − − − − −
PFHxS 8.7 1.8 1.2 − − − − − −
PFHxA 13.4 n.d. 0.0 − − − − − −

striatume

Total PFAS 45.3−109.2 33.7 21.6 396.0 4256.0 − − − −
PFOS n.d. 31.9 19.2 396.0 4256.0 − − − −
PFOA 31.1−93.3 0.2 1.4 − − − − − −
PFHxS 8.4−12.1 0.9 0.8 − − − − − −
PFHxA 2.1−7.4 n.d. 0.2 − − − − − −

caudate nucleus
total PFAS 109.2 − − − − − − − −
PFOS n.d. − − − − − − − −
PFOA 93.3 − − − − − − − −
PFHxS 8.4 − − − − − − − −
PFHxA 7.4 − − − − − − − −

lenticular nucleus
total PFAS 45.3 − − − − − − − −
PFOS n.d. − − − − − − − −
PFOA 31.1 − − − − − − − −
PFHxS 12.1 − − − − − − − −
PFHxA 2.1 − − − − − − − −

thalamuse

total PFAS 19.7 41.2 23.7 396.0 4256.0 − − − −
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and their mechanisms of action for PFOS and PFOA are not
well understood. Associations between PFOS and PFOA
neurotoxicity at chronic, low-dose exposures (most relevant to
what is observed in humans) have been demonstrated in
epidemiological studies and in animal models. With PFOS and
PFOA having the best understood and potentially more robust
neurotoxic effects, they will be the major focus of many studies
in this Review, although other PFAS will be included where
applicable (most frequently in PFAS complex mixtures).

Ongoing research has identified that the PFAS’s neurotoxic
targets for neurotransmission alter neurotransmitter lev-
els ,6 , 2 3−3 6 synaptic protein expression and func-
tion,25,26,30,31,34,37−49 and calcium signaling.38−43,45,49−54 This
Review aims to critically analyze the state of PFAS neuro-
toxicity with focus on neurotransmission-related end points
and to reveal PFAS’s potential targets of neurological disease
that require epidemiological evaluation in the future. Recent
reviews have broadly focused on brain accumulation and
neurotoxicity.3,7,55−58 This critical analysis of the field focuses
specifically on neurotransmission targets, which may underlie
adverse neurological outcomes. Furthermore, this Review
identifies the current state of PFAS neurotoxicity research
and gaps that are critical to address in future studies.

2. PFAS IN THE BRAIN
2.1. Overall Weight of Evidence of PFAS Deposition

in the Brain. There is a limited understanding about how
PFAS are distributed to and eliminated from the brain. PFAS
including PFOS, PFOA, and PFHxS found in human blood
have been declining since 200059 with blood half-life levels
estimated in humans to be 3−6, 2−3, and 4−10 years,
respectively.60 However, the half-life in the brain is unknown.
Males on average have higher PFAS blood and serum levels
compared to females, especially during female reproductive
ages.18,59,60 The distribution of PFOS and PFOA to liver tissue
in rats was higher in males compared to females (no difference
in the kidney, heart, lung, and spleen), but the brain was not
evaluated.61 The analysis of brain half-life and potential sex
differences in brain distribution will require investigation in the
future to better understand the mechanism of PFAS neuro-
toxicity.

It has been hypothesized that the incorporation of PFAS
into the cell membrane due to their surfactant nature may
disrupt membrane integrity to allow entry into the brain.50,62

Additionally, damage to the endothelial cells and astrocytes of
the blood−brain barrier has been demonstrated in PFOS-
treated mice, which would also increase permeability of the
blood−brain barrier, making the brain susceptible not only to
PFAS but also to other neurotoxins/toxicants.62 Furthermore,
PFAS have been detected in the cerebrospinal fluid (CSF) of

Table 1. continued

human polar bear polar bear
rat

1 mg/kg/d
rat

10 mg/kg/d
rat dams

1 mg/kg/d
rat dams

2 mg/kg/d
rat pups

1 mg/kg/d
rat pups

2 mg/kg/d

study description 202265 20069 2011−201244 200323 200323 201740 201740 201740 201740

Brain Subregions (ng/g)
PFOS n.d. 38.8 21.5 396.0 4256.0 − − − −
PFOA 14.4 0.9 1.1 − − − − − −
PFHxS 2.7 1.3 1.0 − − − − − −
PFHxA 2.7 n.d. 0.2 − − − − − −

brain average or whole
brainf

total PFAS 97.5 37.5 25.2 247.0 12821.0 1900.0 3310.0 8400.0 15 100.0
PFOS n.d. 35.2 22.9 247.0 12821.0 1900.0 3310.0 8400.0 15 100.0
PFOA 73.0 0.3 1.1 − − − − − −
PFHxS 18.5 1.4 1.1 − − − − − −
PFHxA 6.1 n.d. 0.1 − − − − − −

aThe PFAS included PFOS, PFOA, PFHxS, and PFHxA because these are the only PFAS included in brain region-specific quantification in the
human study. The human study by Di Nisio et al. in 2022 analyzed samples taken from five Caucasian males that were non-occupationally exposed
(exposure characterized by Pitter et al.) to elevated levels of PFASs (especially PFOA) in Veneto Region, Italy.12,65 The polar bear studies collected
samples from East Greenland in 20069 and 2011−2012.44 The PFAS totals in the table are only for the PFAS PFOS, PFOA, PFHxS, and PFHxA to
compare with the human levels, although the polar bear studies included many additional PFAS. The polar bear and human studies only received
environmental exposure to PFAS mixtures.9,44 The female adult rat study conducted by Austin et al. in 2003 and Ishida et al. in 2017 (gestational
rat study) were the only controlled exposure laboratory studies that analyzed brain region-specific PFAS accumulation. These studies only assessed
PFOS exposure; therefore, PFOS levels are equal to the total PFAS levels.23,40 The adult rat study dosed female rats with 1 or 10 mg/kg/d for 14
days, and tissue samples were immediately collected at the end of the exposure.23 The gestational rat study exposed pregnant female rats (dams) to
1 or 2 mg/kg/d from gestation day (GD) 11−20 (10 days total).40 PFOS was quantified on postnatal day 4 in the dams and pups.40 For both rat
studies, control rat PFOS serum brain levels were below the limit of detection and not represented in the table.23,40 Quantities are given as average
PFAS levels in the table, and average ranges are given if multiple subregions were samples in one study. Blood or serum levels are presented as ng/
mL, and all brain and brain levels are presented as ng/g. “n.d.” = below the detection limit; “−” = not quantified in the study. bHuman and polar
bear studies used whole blood, whereas the rat study used serum. Polar bear PFAS blood levels were converted from ng/g to ng/mL using 1 g wet
blood = 0.9434 mL blood volume.72 cThe polar bear study quantified many subregions of the cerebral cortex including frontal, occipital, and
temporal regions separately; the human study only quantified the frontal cortex, and the rat study quantified the cortex in its entirety. dThe adult rat
study was the only study to quantify the brain stem altogether. The human study only quantified the midbrain portion of the brainstem, and the
polar bear studies only quantified the pons/medulla together. eThe adult rat study quantified the rest of the brain together, which included the
striatum and thalamus. The striatum and thalamus were individually quantified in the human and polar bear studies. The human study only
quantified subregions of the dorsal striatum, whereas the polar bear studies quantified the entire striatum. Both the polar bear and human studies
quantified the thalamus separately. fThe 2017 gestational rat study quantified PFOS in the whole brain instead of averaging the measured regions.
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humans.63,64 Most convincingly, PFAS have been demon-
strated to be present in the brains of exposed laboratory
animals,23,40,62 environmentally exposed animals,8,9,44 and
humans.65−68 A study of rats with in utero exposure to PFOS
demonstrated that the rat pups had a greater elevation of
PFOS in the brain compared to the mother’s brain PFOS
levels.40 A recent study on five post-mortem individuals from a
heavily PFAS contaminated region of Italy has confirmed
PFAS, including PFOA, PFHxS, and perfluorohexanoate
(PFHxA), continue to be found systemically in the body and
deposits in the brain, even after PFAS levels in drinking water
were reduced to undetectable levels.12,65 In 2022, Xie et al.
quantified multiple PFAS from Chinese glioma brain cancer
tissue and found PFAS were present in 96% of the samples.68

Furthermore, the highest median PFAS concentrations (0.27
to 0.77 ng/g) in the glioma tissue were the short-chain PFAS:
PFBS and PFHxA; emerging PFAS: GenX and perfluoro(2-
((6-chlorohexyl)oxy)ethanesulfonic acid) (6:2Cl-PFESA); the
PFAS precursor: perfluorooctanesulfonamide (PFOSA); legacy
PFAS: PFOS, PFOA, and perfluoroundecanoic acid (PFUA).68

PFAS with the highest detection rate in the gliomas were
PFOSA (88%) and PFOS (85%), followed by 6:2Cl-PFESA
(73%), PFOA (65%), PFNA (58%), PFHxS (50%), and PFUA
(50%).68 The studies of PFAS deposition in the brain
demonstrate that many types of PFAS are capable of
accumulating in the brain and are present even after measures
to eliminate exposure are taken.

Mounting data suggest PFAS are likely neurotoxic and may
modulate neurological function (exemplified by an outstanding
recent review by Cao and Ng in 2021,55 broadly addressing
neurotoxicity). PFAS accumulate in the greatest amounts in
the blood, liver, lung, and kidney.69 Reports of neurotoxicity
are present at relatively low amounts accumulating in the
brain.23,35,66,67 However, recent experiments quantifying PFAS
in cerebrospinal fluid (CSF) and post-mortem human brains
suggest these earlier studies may be underestimating the
concentrations that PFAS accumulate in the brain.63 When a
single dose of PFOS was administered, it rapidly accumulated
in the brain of rats within hours of administration of a single
dose.35 PFAS have been demonstrated to accumulate in the
brains of many species including adult post-mortem
humans,65−67 human fetuses,70 polar bears,8,9,44 mice,36

rats,23,35,61,63 and northern leopard frogs.6 Considering the
heterogeneity of the brain structure, studies have additionally
investigated the region-specific accumulation of PFAS, which
could potentially target which brain functions are at greatest
risk of dysfunction and disease.
2.2. PFAS Distribution in Brain vs Blood. Thus far, the

brain region-specific accumulation of PFAS in the brain has
been performed on humans,65 polar bears,9,44 and rats.23 Table
1 summarizes the studies that have quantified PFAS
accumulation (PFOS, PFOA, PFHxS, and PFHxA) in different
regions of the brain and blood or serum. Importantly, systemic
PFAS levels are what is most often used as a biomarker of
organismal PFAS exposure and have been reported to be
magnitudes higher than the levels that accumulate in the
brain.23,35,69 A study of Chinese people found that PFAS in
CSF were only 2−3-fold lower in the CSF compared to plasma
levels of PFAS,63 which demonstrated the plasma levels may be
an underestimation of how much PFAS get distributed to and
accumulate in the brain.An earlier 2006 human study of PFAS
in brain and blood sample levels (sampled from northern Italy)

demonstrated a 5-fold lower difference between blood and
brain PFOA or PFOS levels.67

The recently published human study by Di Nisio et al.
quantified PFAS in the post-mortem brains of five males that
did not have a known occupational exposure to PFAS and had
lived in the heavily PFAS-contaminated area of Veneto region,
Italy.65 Veneto, Italy is the location of extremely elevated levels
of PFAS (primarily PFOA) in drinking water.12 In 2013, the
median PFOA levels in the drinking water were 319 ng/L and
the max PFOA levels were 1475 ng/L.12 Between 2013 and
2018, measures were taken to reduce the PFAS levels in
drinking water to below the limits of detection.12 The
collection date for the human subjects was not reported, but
interestingly, the mean total PFAS blood level of 291.9 ng/mL
is <3 times that found in the average whole brain level of 97.5
ng/g.65 The Maestri et al.67 and Di Nisio et al.65 human brain
studies both measured post-mortem human brain PFAS in
individuals from northern Italy. However, the composition of
PFOA and PFOS greatly differed between the Italian studies,
whereas the 2006 Italian study67 and the Xie et al.68 Chinese
glioma study in 2022 demonstrate similar mean PFOS and
PFOA levels.65,67,68 Taken together, the human data suggest a
high variability of PFAS accumulation and composition, which
may be due to the composition and abundance of PFAS
pollution in the environment.

Interestingly, a lack of major differences between blood and
brain PFAS levels for assumed chronic environmental exposure
was also observed in the Greaves et al. study in 2013 that
evaluated PFAS levels in polar bears.9 However, in the 14 day
1 or 10 mg/kg/d exposure to PFOS, female rats produced
serum PFAS levels that were orders of magnitude higher in the
blood than in the brain,23,35,69 suggesting that there may be
significant interspecies differences in brain accumulations and
brain accumulation kinetics may be far different than that in
blood (i.e., chronic dosing is required to achieve high brain
levels).71 There was a very large magnitude of difference
between PFAS levels in the plasma and brain of human fetal
tissue,70 which closely resembles what was observed in the
acute exposures in animal studies.23,35 Therefore, we can
hypothesize that the duration of the PFAS exposure may be
key for the prediction of the amount of PFAS in the brain.
Considering the PFAS levels in the human blood have been
dropping since 200059 and brain vs blood PFAS in humans65

and polar bears9 are <10-fold different as reported in
laboratory animal experimental exposures,23,35 it is possible
that the half-lives of PFAS in the brain are much higher than
that of the standard PFAS elimination half-lives calculated
from blood in humans, rodents, and other animals.60,71

Interestingly, the polar bear studies (which collected samples
in 2006 and 2011−2012) demonstrate the total PFAS levels
are declining in polar bear brains and brain regions, but the
rate of decrease appears to be dependent on the brain region
and PFAS.9,44 Changes in polar bear blood and brain PFAS
levels over time could not be compared because the second
study did not include blood levels.44 Furthermore, a recent
metanalysis by Starnes et al. assessed brain/serum ratios for
PFOS, PFOA, and PFNA levels from multiple studies and
compared the brain/serum PFAS levels of environmentally and
experimentally exposed animals.56 The key finding was that all
three PFAS had statistically significant elevated brain/serum
PFAS levels in environmental exposures compared to
experimental exposures. It is important that future studies
evaluate the elimination rate of PFAS in the brain so
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estimations for the brain half-life of PFAS in humans can be
calculated in future studies. Subsequent research that measured
blood vs brain PFAS in humans and in polar bears gives more
direct evidence of PFAS distribution and accumulation in the
brain.
2.3. Distribution of PFAS Brain Regions. The human

brain regions with the highest total PFAS levels were the
hypothalamus with 206.9 ng/g and the caudate nucleus with
109.2 ng/g, followed by the cerebellum (54.4 ng/g) and
lenticular nucleus (45.3 ng/g).65 Interestingly, the polar bear
samples collected in 2006 also had the largest total PFAS in the
hypothalamus (60.1 ng/g), followed by the pons/medulla
(48.6 ng/g) and thalamus (41.2 ng/g), whereas the 2011−
2012 polar bear samples had the highest PFAS levels in the
brain stem (35.7 ng/g) and occipital lobe (31.3 ng/g).9,44 In
the rats that were only exposed to high levels of PFOS, the 1
mg/kg/d exposure had the highest accumulation in the brain
stem (363 ng/g) and the rest of the brain (striatum and
thalamus with 396 ng/g) and the 10 mg/kg/d dose had the
highest levels in the hypothalamus (15 706 ng/g) and
hippocampus (8966 ng/g).23

The cross-species variability, variability in composition and
levels of the exposed PFAS mixtures, and differences in
distribution and elimination of PFAS from these brain regions
may explain the variability in the brain region PFAS levels.
Importantly, the regions with the highest long-term accumu-
lation of PFAS may not necessarily be at the highest risk of
neurotoxicity due to the many region-specific neuron and glia
populations and unique connectivity to other regions of the
brain.45 Therefore, to understand the mechanism of how PFAS
are inducing neurotoxicity and the impact on human disease,
we must look at the functional targets within cells that are most
susceptible to adverse effects from PFAS exposure, which
includes neurotransmission.

3. PFAS EFFECTS ON NEUROTRANSMITTERS
3.1. PFAS Change Neurotransmitter Levels in the

Brain. There is growing evidence that PFOS, PFOA, and
PFAS mixtures lead to changes in neurotransmitter
levels,6,23−36 alter neurotransmitter receptor and transporter
expression and function,25,26,30,31,34,37−49 and change neuro-
transmitter metabolism.6,24−27,30,31,33,34,36,46,48,65,73,74 Although
the major focus for the evaluation of PFAS neurotoxicity has
b e e n o n P F A S d e v e l o p m e n t a l n e u r o t o x i c -
ity,6,20,21,24−26,30−32,32,36,40,42,48,65,73,75−82 PFAS exposure dur-
ing both development and adulthood may change neuro-
transmitter levels in a brain region-specific manner (Table 2).
Lifelong exposure of humans to PFAS may result in dynamic
changes in neurological function resulting from PFAS
accumulation over time.

An overview of PFAS effects on neurotransmitter levels in
controlled laboratory studies is presented in Table 2. Studies
that have analyzed neurotransmitters have exposure lengths
ranging from a single dose to 3 month subchronic exposures.
Interestingly, it is challenging to discern a clear neurotoxic
pattern, as the effects vary widely between brain region, dose,
and sex. A study performed in rodents has determined that the
biodistribution of PFAS is variable between sexes, which may
explain the variation between sexes,61 but very few studies have
been appropriately powered to confirm sex effects in
neurotransmission. Furthermore, species differences in the
absorption, distribution, and excretion of PFAS have previously
been described by Pizzurro et al. in 2019 and may also

contribute to variation in the effects of PFAS on neuro-
transmitter levels in the brain.71

The developmental PFAS exposure studies have largely
relied on analyzing whole brain changes in neurotransmitters
and not specific regions/subregions.6,24−26,73 Developmental
or adolescent exposures to PFAS mixtures, PFOS only, or
PFOA only in mice, female juvenile Atlantic cod, and northern
leopard frog tadpoles resulted in decreased whole brain
dopamine.24−26 Two mice studies that exposed mice to
different PFAS mixtures during adolescence demonstrated
that a PFAS mixture decreased whole brain dopamine in male
mice, whereas male mice exposed to PFOA alone demon-
strated increased whole brain dopamine.25,36 Multiple species
also demonstrated decreased whole brain glutamate after
developmental or adolescent exposure to PFOS or a PFAS
mixture in northern leopard frog tadpoles and PFOA in male
mice.6,36

Multiple studies that evaluated PFOS exposure in adult rats
reported highly reproducible increases in norepinephrine and
increases in other monoamines such as dopamine and
serotonin in the hypothalamus.23,28,29,33 The consistency of
these results is likely because the studies were conducted in the
same species and were dosed at the same life stage, the same
brain region was sampled, and the same PFAS was used in all
studies. The final notable alteration in the neurotransmitters
was increased glutamate in the hippocampus of mice exposed
to PFOS during adulthood or development.27,30 Similar to the
changes in neurotransmitters in the hypothalamus, the same
species and PFAS were used in both studies. However, these
studies are evidence that exposure to PFOS at any age may
increase hippocampal glutamate. Existing data suggest that
some brain subregions are specifically resistant to the effects on
neurotransmission, whereas PFAS exposure in adult animals
has little to no significant effect on the neurotransmitter or
neurotransmitter metabolite levels in the cortex, cerebellum,
pons, and medulla (Table 2).
3.1.1. Acetylcholine. Hallgren et al. showed male mice that

were lactationally exposed to PFOS had changes in locomotor
behavior; treated mice had less activity at the beginning and
elevated activity at the end of the trial.82 These behavioral
changes indicate changes in acclimation and exploratory
behavior. These mice also displayed decreased transcription
of the acetylcholinesterase (AChE) gene and one subunit of
the nicotinic acetylcholine receptor (nAChR) gene in the
cortex and increased transcription of a subunit of the
muscarinic acetylcholine receptor (mAChR) gene in the
hippocampus.82 Interestingly, male mice given a single
neonatal oral dose of PFOS or PFOA demonstrated hypoactive
locomotor behavior in a nicotine stimulant challenge
performed four months after exposure.83 In northern leopard
frogs, developmental PFOS exposure demonstrated increased
acetylcholine in young frogs.6 A study by Lau et al. in 2003
determined that choline acetyltransferase (ChAT) activity (the
enzyme responsible for generating ACh from choline and
acetyl-CoA) was reduced in the prefrontal cortex, but not the
hippocampus, of rat pups developmentally exposed to PFOS.76

Decreases in AChE protein expression and decreased ChAT
activity could explain the increased acetylcholine observed in
young frogs, but this needs to be studied further in both rodent
and frog models. A study by Eggers Pedersen et al. found
decreased AChE activity correlated with an increase in PFAS
levels in the thalamus, cerebellum, and frontal cortex of polar
bear brains.44 Additionally, PFAS levels correlated with
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elevated mAChR activity in the frontal cortex.44 Taken
together, there are likely region-specific effects of PFAS on
cholinergic neurotransmission, and the frontal cortex is likely a
key region involved. Further exploration should quantify ACh
in brain regions to better understand how cholinergic
neurotransmission is affected by PFAS exposure.
3.1.2. Dopamine and Glutamate. In the studies utilizing

sentinel species exposed to PFAS in feed during late or early
brain development (Atlantic cod and northern leopard frogs)
as well as mice fed a PFAS mix starting at weaning, the whole
brain dopamine levels decreased.24−26 An exception was a vole
study that found PFAS levels to be positively associated with
dopamine levels (negatively associated with the metabolite/
parent neurotransmitter ratio). Importantly, this was a sentinel
study with uncontrolled exposures, where a ski area with voles
containing elevated PFOS, PFHxS, PFDA, PFUA, perfluor-
ododecanoic acid (PFDoDA), perfluorotridecanoic acid
(PFTrDA), and perfluorotetradecanoic acid (PFTeDA) was
compared to a reference area with voles that had elevated
PFHxA;37,84 thus, the study compared two different PFAS
mixes without a control. With respect to the sentinel vole
study, the same group conducted a controlled exposure in mice
on the basis of PFAS earthworm levels in a contaminated ski
area and found the PFAS exposure to be associated with
decreased whole brain dopamine levels similar to other sentinel
studies.24−26,37,84 Another laboratory study that dosed male
mice with PFOA during adolescence found elevation in whole
brain dopamine.36 Taken together, these studies suggest the
effects of PFAS on dopamine levels during development may
depend on the exposure of one or more PFAS.

Rodent models exposed to PFAS before weaning and near
and after sexual maturity had increases in dopamine and
serotonin in the whole brain,36 hippocampus,30,34 and
hypothalamus.28,33 Interestingly, male mice developmentally
exposed to PFAS mixtures, frogs developmentally exposed to
PFOS or PFOA, and female juvenile Atlantic cod exposed to a
PFAS mixture resulted in decreases in whole brain dopamine
levels.24−26 Long et al. detected decreases in dopamine levels
in the dorsal striatum and increases in hippocampal glutamate
levels of male and female mice subchronically exposed to PFAS
for 3 months during adulthood.27 These studies suggest
potential deficits in dopaminergic neurotransmission and
glutamatergic excitotoxity from longer PFAS exposures.27

Mshaty et al. found that the adult male mice devel-
opmentally exposed to PFOS had deficits in learning and
memory, but there were no changes in gene expression of γ-
aminobutyric acid (GABA) receptors and most of the N-
methyl-D-aspartate (NMDA) glutamate receptors.30 Although
decreases in α-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA) glutamate receptor subunit A3 (Gria3)
mRNA expression were detected, there were no changes in
protein expression.30 These results suggest that PFOS and
PFOA may change levels of glutamate and GABA but not their
receptor protein levels. Additionally, other neurotransmitters
and amino acids important in neurotransmission and develop-
ment, such as glycine and taurine, should be evaluated in the
brain for PFAS-related changes.
3.1.3. GABA. There is some evidence in animal and cell

models that the PFAS, PFOS and PFOA, may alter GABAergic
neurotransmission. Adult male mice lactationally exposed to
PFOS were determined to have elevated levels of extracellular
glutamate and GABA and no changes in extracellular glycine in
the dorsal hippocampus.30 Another developmental PFOS study

in rats conducted metabolomic analysis of the cortex and
found elevated levels of multiple inhibitory neurotransmitters
including taurine, GABA, and glycine.32 Furthermore, in
human induced pluripotent stem cell (hiPSC)-derived
neurons, Tukker et al. demonstrated PFOS and PFOA acted
as noncompetitive GABAA receptor antagonists.85 Taken
together, it can be hypothesized that PFAS inhibit GABA
synaptic neurotransmission by competitively inhibiting the
GABAA receptor and increased GABA excretion (and other
inhibitory neurotransmitters) may be a brain region-dependent
compensatory mechanism.
3.2. PFAS Alters Monoamine Metabolism. Recent

studies have been evaluating metabolism-related mechanisms
to explain PFAS-induced changes in neurotransmitter levels.
The monoamine neurotransmitters include norepinephrine,
dopamine, and serotonin and share metabolic enzymes and
precursors.86,87 There is evidence in the animal data that PFAS
e x p o s u r e c h a n g e s m o n o a m i n e m e t a b o -
lism.6,23−29,33,34,36,37,44,48,73 Multiple studies demonstrated
PFOS-treated male rats had decreased dopamine or serotonin
turnover in the hypothalamus29,33 and hippocampus.34 Studies
that developmentally exposed northern leopard frog tadpoles
to PFOS or PFOA found no changes in whole-brain serotonin
levels or serotonin turnover.6,24 This suggests that the effects of
PFAS on monoamine metabolism may depend on the species
and brain region. As an example, whole brain studies do not
always capture changes in the expression to metabolic
enzymes.37

In humans, elevated serum PFAS correlated with changes in
systemic metabolic pathways that provide precursors for
monoamine synthesis.88 The changes in the metabolic pathway
for tryptophan, an amino acid precursor for serotonin
synthesis, were found to correlate with PFHxS and PFNA
exposure. Moreover, changes in the metabolic pathway for
glutamate, the most prevalent amino acid and neurotransmitter
in the brain, were correlated with PFOS, PFHxS, and PFNA
exposure.88 Rat kidney cells exposed to PFOS or PFOA
demonstrated decreases in phenylalanine (a tyrosine pre-
cursor), tyrosine (a dopamine and norepinephrine precursor),
and tryptophan (a serotonin precursor) levels compared to the
controls.74 Interestingly, mice exposed to PFOA had elevated
liver tyrosine, dopamine, and tryptophan and decreased liver
serotonin, but their brain levels of both dopamine and
serotonin were elevated with decreases in norepinephrine
and glutamate.36 Metabolomic brain analysis from rats
developmentally exposed to PFOS demonstrated elevated
metabolite levels for phenylalanine, tyrosine, tryptophan,
glutamate, glycine, and taurine.32 Therefore, circulating levels
of metabolic precursors for serotonin, norepinephrine, and
dopamine synthesis may have downstream effects resulting in
altered brain neurotransmitter levels.

Many studies have determined that PFAS can alter brain
tyrosine hydroxylase (TH), the rate-limiting enzyme for
dopamine production. Developmental exposure of zebrafish
larva to PFOA increased TH mRNA expression.73 A study in
male mice given a single developmental dose of PFOS had
elevated TH levels in the hippocampus 24 h after the exposure
and decreased TH levels in the hippocampus a month and a
half after the exposure.48 Interestingly, there were no changes
in TH in the cortex at either time point. This suggests that
even a single high dose exposure to PFAS can have lasting
effects on developmental and adult brain function and there is
more evidence for specific regions with higher susceptibility to
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PFAS neurotoxicity. Furthermore, a study by Grønnestad et al.
demonstrated male mice exposed to a PFAS mixture during
late brain development and adulthood had decreases in whole
brain TH expression, whereas no changes were detected in
female mice.25 Female Atlantic cod exposed to a PFAS mixture
also had no change in TH RNA expression.26 Therefore, sex-
dependent differences in response to PFAS may greatly affect
the downstream neurotoxic effects and must be considered
when evaluating the neurotoxic mechanisms of PFAS on
neurotransmission. Many studies that have exposed animals to
PFOA, PFOS, or PFAS mixtures have reported that PFAS
decrease or increase TH RNA expression,25,26,48,73 but there is
a clear need to evaluate TH protein expression and activity to
understand if these changes in TH mRNA correlate with
functional changes in metabolism.

Additional evidence found by mice and ecologically sampled
bank voles exposed to similar PFAS mixtures did not find
changes in mRNA expression of monoamine oxidase (MAO),
an enzyme used to breakdown dopamine into DOPAC and
HVA25,37,86,87 and serotonin into 5-HIAA.86,87 However,
decreased MAO-A mRNA in the bank vole brains was
associated with both PFTrDA and PFOS exposure when
individual PFAS were evaluated.37 The inconsistent changes in
RNA expression largely conflict and do not aid in the
interpretation of mechanistic changes resulting from PFAS
exposure. Finally, the effects of PFAS on other important
monoamine metabolic enzymes (besides TH) have not yet
been assessed for expression or function, including aromatic
amino acid decarboxylase (AADC), catechol-O-methyltransfer-
ase (COMT), tryptophan hydroxylase (TrpH), and dopamine
β-hydroxylase (DBH). These gaps in knowledge for functional
enzymatic changes in catecholamine metabolism resulting from
PFAS exposure should be addressed in future experiments.

4. SYNAPTIC CALCIUM SIGNALING TARGETS FOR
PFAS NEUROTOXICITY

PFAS including PFOA, PFOS, PFHxS, PFDA, and PFTA have
been found to increase the frequency of synaptic calcium
currents, and PFOS and PFTA increase calcium amplitude.52

Furthermore, PFOA, PFOS, PFHxS, PFDA, PFBS, and PFOC
increase intracellular calcium.52 There is accumulating
evidence that PFOS and PFOA disrupt calcium signaling in
the neurons of the hippocampus41,42,51,52,89 and cerebellar
Purkinje cells.50 Research discussed in this section discusses
PFAS neurotoxic effects on calcium homeostasis in neurons.
Major mechanistic targets include the cell membrane calcium
channels L-type high-voltage calcium channels, NMDA
glutamate receptor, and AMPA glutamate receptor and the
intracellular calcium channels RyR and IP3R.
4.1. PFAS Alters Intracellular Calcium Storage.

Calcium signaling plays an important role in neuronal function,
including regulating action potentials and cell death pathways,
and is primarily stored in the endoplasmic reticulum and
mitochondria of cells.89 PFOS has been demonstrated to
produce a larger magnitude of deleterious effects on calcium
signaling compared to PFOA, and it is hypothesized that this is
due to the different properties of their functional groups.89

Liu et al. demonstrated that hippocampal primary rat
neurons exposed to PFOS or PFOA disrupt calcium
homeostasis by increasing the extracellular calcium release as
well as the release of calcium from intracellular storage in the
endoplasmic reticulum.89 The release of calcium from the
endoplasmic reticulum was through the RyR and IP3R calcium

channels. The authors have hypothesized this is driven by low-
voltage gated “T-type” calcium channels.89 However, there are
no PFAS studies that specifically target the T-type calcium
channels in neurons. Future studies should evaluate how PFAS
affect calcium stored in the mitochondria in addition to the
endoplasmic reticulum because mitochondria may be another
synaptic target of the PFAS and contribute to neuron survival.
4.2. PFAS Affects Glutamate Receptor Calcium

Signaling. PFAS effects on the NMDA and AMPA glutamate
receptors have been extensively studied. The mechanism of
calcium influx into neurons and through the glutamate
receptor has also been described in rodent cortex,40

cerebellum,38,39,43,50 and hippocampus.36,41,45,51,54,57,89

Liao et al. demonstrated in rat hippocampal primary neurons
that PFOS increases glutamate-activated currents through the
NMDA and AMPA receptors.41 A study using primary rat
cerebellar granular neurons and PC12 cells (with or without
NMDA receptor expression) demonstrated that PFOS, but not
PFOA, is dependent on an NMDA receptor-mediated influx of
calcium ions.38 Berntsen et al. in rat cerebellar granular
neurons demonstrated 20−40 μM PFOS induced NMDA
receptor-mediated cytotoxicity.39 Furthermore, PFOS (60
μM) and PFOA (300 μM) demonstrated elevated levels of
calcium in the extracellular space.39 A study in chicken embryo
primary cerebellar granular neurons demonstrated that PFOS
induced cytotoxicity through the NMDA receptor in both the
presence and absence of glutamate. Additionally, this study
found that PFOS-induced elevation of intracellular calcium was
dependent on the NMDA receptor and glutamate.43

Increased AMPA and NMDA calcium currents with
exposure to PFOS exposure may be through changes in
protein expression. Studies have demonstrated that PFOS
decreases protein expression of the AMPA receptor subunit 2
(GluA2).40,49 The presence of GluA2 in the AMPA receptor
causes sodium but not calcium to enter the activated receptor,
and the absence of GluA2 induces calcium but not sodium to
enter the cell through the activated AMPA receptor.90

Therefore, decreased GluA2 protein expression could further
increase the PFOS-induced increase in intracellular calcium.90

Additionally, the increased influx of calcium could be mediated
through PFOS-induced upregulation of the NMDA receptor.
Studies have indicated that PFOS increases protein expression
of NMDA receptor subunits NR1, NR2A, and NR2B.45 Taken
together, PFOS is likely the only known PFAS that selectively
targets glutamate-receptor mediated calcium influx. More
research needs to evaluate if PFAS mixtures and emerging
PFAS target glutamate receptors.
4.3. L-Type Calcium Channel Currents Are Altered by

PFAS. Both PFOS and PFOA have been extensively linked to
the interaction with L-type high-voltage calcium channels (L-
VGCCs).45,50,52,89 In primary rat Purkinje cells, PFOS
prevented the function of calcium ion gated channels, causing
a positive shift in the action potential, hyperpolarization of the
resting membrane potential, and a decrease in the firing rate.50

Harada et al. hypothesized that PFOS’s inhibitory effect of
neurotransmission and disruption through voltage-gated
calcium channels in Purkinje cells may be caused by the
incorporation of PFOS into the outer cell membranes.50

Results from Liao et al.41,51 demonstrated that PFOS increased
calcium influx in primary hippocampal neurons and inducted
excitotoxicity, which contrasts the results from Harada et al.50

Furthermore, inhibition of synaptogenesis is a downstream
effect that resulted from PFOS’s enhancement of inward
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calcium currents via the L-type calcium channels in hippo-
campal neurons.51 These results largely support that PFOS
stimulates the influx of intracellular calcium, leading to
downstream inhibition of synaptogenesis.48,91−93

Harada et al. and Liu et al. performed their experiments in
media lacking calcium ions, and the presence of PFOS or
PFOA would increase the levels of extracellular calcium,50,89

whereas Liao et al. used calcium containing media, which may
result in influx into the cell.51 One may hypothesize that the
effect PFOS or PFOA on intracellular and extracellular calcium
is dependent on the basal extracellular conditions and they
contribute to the movement of calcium across the concen-
tration gradient. Additionally, these effects are likely dependent
on the levels of extracellular calcium. Interestingly, Liu et al.
found that the intracellular concentrations of PFOS and PFOA
were significantly increased in the presence of calcium-
containing media compared to calcium-free media.89 There-
fore, the investigation of calcium channels as possible
symporters for PFAS may be required.

The voltage-gated and glutamate receptor activated calcium
channels expressed in the brain, including if they have been
assessed for PFAS toxicity, are summarized in Table 3.
Although many different types of voltage-gated calcium
channels are expressed in the brain, only the L-type calcium
channels have been demonstrated to have currents affected by
PFAS in the studies that were discussed above.42,50 As outlined
in Table 3, many of the neurological functions associated with
L-type channels including learning and memory (subtype 1.2),
striatal dopaminergic motor function (subtype 1.3), and
psychiatric mental health (subtypes 1.2 and 1.3) have been
demonstrated to be negatively affected by PFAS exposure.31,94

Currently, the NMDA and AMPA glutamate receptors are the
best characterized calcium transporters to be affected by PFAS,
followed by the L-type voltage-gated calcium channels.

There is a gap in knowledge about the impact PFAS has on
the RNA editing of GluA2 mRNA. The GluA2 subunit of the
AMPA receptor is edited in 99% of expressed proteins to
contain the GluA2(R) isomer, which selectively allows sodium
to enter the cell when glutamate is bound.90 The minority
GluA2 isomer is the unedited GluA2(Q), which has selective
permeability to calcium over sodium.90 Therefore, in addition
to decreases in total GluA2 protein expression, GluA2 mRNA
editing is another potential target for PFAS toxicity that would
produce elevated calcium influxes. There is a gap in knowledge
about the impact that PFAS have on other types of high-
voltage calcium channels expressed in the brain, including the
N-, P-, Q-, and R-types and the low-voltage T-types. More
work needs to be done to determine how PFAS may be
altering these different calcium channels and transporters in
different brain regions, especially the hippocampus, to
understand PFAS-induced calcium dyshomeostasis and the
mechanism of synaptic toxicity.

5. FUNCTIONAL CONSEQUENCES OF PFAS
EXPOSURE
5.1. PFAS Alter Synaptic Formation and Growth.

Changes in other proteins involved in neuronal function and
disease have been reported to change with PFOS and PFOA
exposure. Johansson et al. demonstrated that acute postnatal
oral exposure to PFOS or PFOA changes the expression of
proteins important for growth and synaptogenesis in
neurons.97 Rats gestationally and lactationally exposed to
PFOS demonstrated transient changes in gene expression

(mRNA levels) for proteins important to calcium signaling in
the hippocampus.42 Interestingly, increased expressions of
calmodulin-dependent kinase IIa (CaMKIIa) and cAMP-
response element-binding (CREB) were normalized by
postnatal day (PND)30, while calmodulin (CaM, a subunit
of high voltage gated calcium channels) expressions were
decreased by PND30.42 Another study that injected a single
oral dose of PFOS or PFOA on PND10 increased protein
levels of CaMKII (CaM-dependent kinase II, a kinase that
becomes activated when it dimerizes with CaM bound to
calcium) in the hippocampus but not the cerebral cortex of
young mice.97 PFOS or PFOA increased CREB, CaMKII, and
GAP-43, and the alteration of these calcium-related pathways
by PFAS may lead to downstream inhibition of synapto-
genesis.42,48,91−93,97

Recently, it was found that PFOA exposure has an adverse
effect on the maturation of dopaminergic neurons, resulting in
the decreased expression of TH and dopamine transporter
(DAT) with the greatest effects on dopaminergic neuro-
progenitors that were further along in differentiation.65 It was
demonstrated in hIPSC-derived neuroprogenitors that PFOA
decreased the expression of markers of dopaminergic neuron
maturation [TH and neurofilament heavy (NFH)] when
hIPSCs were exposed during the neuronal precursor phase
(DP2) of dopaminergic differentiation. PFOA exposure at the
mature dopaminergic differentiation phase (DP3) induced a
major reduction of TH, NFH, and dopamine transporter
(DAT) expression, which is involved in the reuptake of DA in
the presynaptic neuron.65 The aforementioned reduction in
TH and DAT could relate to a mechanism that was first
identified by Slotkin et al., in which PFAS (including PFOS
and PFOA) decreased neuroprogenitor differentiation into
dopaminergic neurons in a cell model.80 However, the
alteration in DAT RNA and protein expression was only
observed after PFOA exposure; PFOS and PFAS mixtures
failed to change DAT RNA expression. Furthermore, since
PFAS upregulate CAMKIIa, a protein that regulates TH
activity by phosphorylation, changes in dopamine levels in
some parts of the brain (e.g., increases) may be driven by the
changes in CaMKIIa levels, which may drive increased TH
activity.98

Studies have demonstrated PFAS may alter protein
expression of dopamine receptor 1 (DR1) and dopamine
receptor 2 (DR2). The alteration of these dopamine receptors
could explain changes in multiple signaling cascades. The
activation of the DR1/DR2 complex induces release of
intracellular calcium storage from the endoplasmic reticulum,
which increases CaMKIIa activity. DR1 activation increases
phosphokinase A (PKA), leading to activation of the L-VGCC
channels, CREB activity, and GABAA receptor activity.
Alternatively, DR2 activation inhibits PKA and the down-
stream targets. Eggers Pedersen et al.44 demonstrated that
polar bears exposed to PFAS have decreased DR2 activity,
which may contribute to elevated calcium levels observed with
PFOS, PFOA, or PFHxS exposure,38,40,43,45,49,52,54,89 the
inhibitory effects of PFOS and PFOA on the GABAA receptor
activity,85 and subsequent inhibition of neurite growth by
PFAS. Interestingly, the cotreatment of cerebellar neurons
exposed to PFHxS with memantine or MK-801 (NMDA,
nACh, DA, and 5-HT receptor inhibitors) but not cotreatment
with CPP (only the NMDA receptor inhibitor) or NBQX
(only the AMPA receptor inhibitor) rescued PFHxS-induced
cytotoxicity. These inhibitors suggest that PFHxS-induced
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neurotoxicity is through a glutamate receptor-independent
mechanism, most likely through the interaction with nACh,
dopamine, or serotonin receptors38 (Figure 1).

The PFAS decrease the long-term potentiation in neurons,
resulting in a neurotoxic effect with lasting functional
consequences.49,51,54 Long-term potentiation is important for
the formation and strengthening of synaptic connections,
which are imperative for learning and memory.49 In rats dosed
with PFOS, PFBS, and PFHxS, Zhang et al. demonstrated
there was decreased long-term potentiation in the hippo-
campus.54 The authors suggest this could be due to a
postsynaptic mechanism. Long-term potentiation is driven by
patterns of synaptic activity, including neurotransmitter release
and synaptic calcium signaling (discussed in Sections 3 and 4),

which provide further mechanisms that lead to the alteration of
long-term potentiation. Therefore, PFAS may induce lasting
changes in neuronal connectivity and increase the risk of
neurological dysfunction.
5.2. PFAS Alter Behavioral Function. The most

reproduced functional deficits resulting from PFAS exposure
are the effects that PFOS and PFOA have on motor
function31,82,83,99−101 and learning and memory.27,30,102 Addi-
tionally, there is some mechanistic and functional laboratory
evidence that may explain the controversial association
between attention-deficit/hyperactivity disorder (ADHD)
and PFAS exposure.3,94,103−105 This section aims to relate
the alteration of neurotransmission to functional deficits and
human disease with mechanistic evidence.

Figure 1. PFAS neurotoxicity through dopamine and calcium signaling. This figure illustrates the synaptic pathways connecting PFAS, dopamine,
and calcium. The key concept is that dopamine, like glutamate, is a target for PFAS-induced modulation of calcium currents. Importantly, PFAS
interacts with many known proteins that are a part of dopaminergic postsynaptic signal transduction, but future studies need to investigate the
interaction of PFAS and dopamine receptors (DRs) 1 and 2 and the DR1−2 dimer as well as DR3, -4, and -5 (not depicted in the figure). Some
evidence suggests DR2 activity, protein levels, and RNA expression may decrease with PFAS exposure. This would result in PFAS inhibiting DR2’s
inhibition of AC, resulting in the upregulation of the L-VGCC’s activity. PFAS has been extensively demonstrated to induce increased cytosolic
calcium through the L-VGCC and to a lesser extent in the IP3R. Future studies also need to investigate PFAS’s effect on the monoamine metabolic
enzymes and transporters. AADC, aromatic amino acid decarboxylase; AC, adenylyl cyclase; CAM, calmodulin; CAMKIIa, CAM kinase IIa; cAMP,
cyclic adenosine monophosphate; COMT, catechol-O-methyltransferase; CREB, cAMP-response element-binding; DA, dopamine; DAT,
dopamine transporter; DOPAC, 3,4-dihydroxyphenylacetic acid; DR1, dopamine receptor 1; DR1-DR2, DR1−DR2 dimer; DR2, dopamine
receptor 2; IP3, inositol triphosphate; IP3R, inositol triphosphate receptor; L-DOPA, L-3,4-dihydroxyphenylalanine; HVA, homovanillic acid; L-
VGCC, L-type voltage-gated calcium channel; MAO, monoamine oxidase; pDARPP-32, dopamine and cAMP-regulated phosphor-protein 32 kDa;
PKA, protein kinase A; PLC, protein lipase C; P,Q,N-VGCC, P,Q,N-type voltage-gated calcium channel; PP1, protein phosphatase 1; VMAT,
vesicular monoamine transporter.

Chemical Research in Toxicology pubs.acs.org/crt Review

https://doi.org/10.1021/acs.chemrestox.2c00072
Chem. Res. Toxicol. 2022, 35, 1312−1333

1327

https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00072?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00072?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00072?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00072?fig=fig1&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A study that exposed male mouse pups to a single dose of
PFOS found that, 24 h after PFOS exposure, there was
decreased transcription of dopamine receptor 5 (DR5) in the
cortex and increased TH in the hippocampus.48 After 2
months, there was a significant decrease in TH and dopamine
receptor 2 (DR2) transcription in the hippocampus and no
changes in the cortex.48 Another study with the same exposure
found there was decreased gene translation for AChE and
nAChR-β2 in the cortex and increased mAChR-5 in the
hippocampus of mice with a single developmental exposure to
PFOS.82 No changes were present 2 months after PFOS
exposure. Taken together, PFAS exposure (most evidence
from PFOS exposure) produces persistent transcriptional
changes of genes expressed in dopaminergic neurons, whereas
PFAS-transcriptional effects on the cholinergic system have
evidence of transient changes that recover after the exposure is
removed.82

The evidence of PFAS exposure’s persistent and transient
changes in the dopaminergic and cholinergic systems,
respectively, can potentially inform the neurotransmitter
systems that are likely responsible for PFAS-induced motor
behavioral changes.31,75,82,83,99 Hallgren et al. demonstrated
that mice with a single developmental exposure to PFOS had
persistent deficits to acclimation in the open-field locomotor
experiment. The deficit to acclimation was apparent by the
PFOS-treated mice having hypoactivity in the first 20 min and
hyperactivity in the last 20 min of 1 h in the activity chamber,
when compared to the control animals.82 The behavioral
effects from Hallgren et al. are most likely dopaminergic and
not cholinergic. However, the Hallgren et al.’s82 transcriptional
data suggest that PFAS may affect addiction, as the decreased
expression of nAChR-β2 and increased expression of nAChR-
α5 may be associated with decreased nicotine addiction and
may have implications on other psychiatric conditions.106

PFAS exposure has been associated with ADHD in some
epidemiological studies.3,94,103−105 This association remains
controversial, and other studies did not find consistent patterns
of association between PFAS and ADHD.107−109 The
alteration of dopaminergic and serotonergic neurotransmission
by PFAS exposure may also explain the mechanism for
functional deficits attributed to ADHD. Hyperactivity, one of
the key symptoms of ADHD, has been demonstrated in animal
models exposed to PFAS as discussed in the previous
paragraph. Studies have demonstrated that PFOS-exposed
zebrafish and PFOA-exposed mice demonstrated significantly
decreased locomotor response when given dexamphetamine or
methamphetamine, respectively.100,110 These results may
suggest the pathway involved in the treatment of ADHD
symptoms (dopamine) may be impacted by PFOS and
PFOA.111 The effects of amphetamines should be investigated
with exposure to PFAS-induced behavioral changes to
investigate if a similar therapeutic effect is present as seen in
ADHD patients. While the direct relationship between PFAS-
induced neurotransmitter alterations and functional deficits is
unclear, detected alterations in neurotransmission are likely to
have functional consequences as observed in many established
neurotoxicity models and in human neurodegenerative
diseases.
5.3. PFAS and Neurodegeneration. Rats developmen-

tally exposed to PFOS increased Tau phosphorylation and
protein expression as well as amyloid precursor protein (APP)
and amyloid-β 1−42 (Aβ1−42) in adults,79,81 suggesting that
the developmental exposure to PFOS may be involved in the

development of neurodegenerative diseases, particularly
Alzheimer’s disease (AD) later in life. Another study
determined that rats exposed to PFOS increased hippocampal
protein levels of total Tau, phospho-Tau-S199, and amyloid-β
(Aβ) as well as increased the amount of amyloid precursor
protein (APP) mRNA.79 Thus, it can be hypothesized that
PFAS may increase the risk of developing Alzheimer’s disease
due to the changes in key proteins involved in this disease. In
C. elegans, PFOS exposure induced motor dysfunction and
decreases in dopaminergic, GABAergic, serotonergic, and
cholinergic neurons, suggesting PFOS may also have
mechanisms related to Parkinson’s disease (PD) and other
neurodegenerative diseases.75 Furthermore, Sammi et al.
demonstrated that not only dopaminergic neurons but also
serotonergic, GABAergic, and cholinergic neurons have
elevated neurodegeneration when C. elegans were develop-
mentally exposed to PFOS.75 Although Salgado et al. evaluated
dopamine in many brain regions of rats exposed to PFOS,34

future studies should study additional brain regions that rely
heavily on dopamine, including the ventral striatum and
substantia nigra, especially since these regions are susceptible
to PFAS accumulation. These studies indicate PFAS exposure
causing mitochondrial dysfunction, increases in ROS, and
increased cell death may also give evidence of PFOS and
PFOA potentially increasing risk factors for the development
of neurodegenerative diseases such as Parkinson’s disease and
Alzheimer’s disease, which warrant further investigation.

A study of human mortality in people from the highly PFAS-
contaminated Veneto Region in Italy determined that female
individuals living in the contaminated sight were more likely to
die from complications related to Parkinson’s disease
compared to females living in the uncontaminated site.11

Furthermore, people of both sexes were more likely to die from
Alzheimer’s disease-related causes when living in the PFAS-
contaminated area.11 The epidemiological study further
highlights the importance of studying how PFAS are affecting
lifelong neurological health and the need for increased
understanding of the effects of not only developmental but
also lifelong PFAS exposure.

6. CONCLUSION
The bioaccumulating and persistent nature of PFAS like PFOS
and PFOA will cause these chemicals to be present in the
environment and humans for the foreseeable future. The major
focus of the neurotoxic effects of the PFASs has been on the
resulting effects of developmental exposures that are halted
before adulthood, adult only exposures, or studies that have
focused on neuroendocrine effects. Therefore, there are
significant gaps in the field that need to be addressed, which
have been discussed in the body of the paper. Because these
compounds were first created in the 1930s, populations with
lifelong exposure are beginning to reach ages where
epidemiological research can test associations between lifelong
PFAS exposure and neurodegeneration in the aging
population. Despite changes in neurotransmission being a
risk factor for age-related neurodegeneration, there are no
studies that evaluate the PFAS exposure’s impact on
neurotransmitter changes in chronically exposed animals.
Furthermore, the PFAS exposure’s effects on end points
relating to neurodegeneration such as protein aggregation,
oxidative stress, and region-specific neuron-type-specific neuro-
degeneration require investigation. While there have been
some attempts cited above to identify mechanisms of
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neurotransmitter modulation, these have been far from
definitive. Moreover, the direct impact of PFAS-induced
neurotransmitter modulation on neurobehavior outcomes has
yet to be identified.

The emerging PFAS, such as GenX, need to undergo
evaluation for neurotoxicity. Furthermore, toxicity testing of
these compounds needs to include male and female animals.
Recent epidemiological studies have shown changes in thyroid
hormone levels correlated with PFAS exposure, and other
studies have determined females may be at greater risk for
ADHD when exposed to PFAS.3,94,103,104 Finally, considering
there is evidence more people are dying from age-related
neurodegenerative disease in an area with high PFAS
contamination, it is imperative that mechanistic studies are
conducted to better understand the long-term consequences of
PFAS on aging and neurological function.
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