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ABSTRACT
Chronic fatigue syndrome (CFS) is characterized as a
persistent, debilitating complex disorder of unknown
etiology, whereby patients suffer from extreme
fatigue, which often presents with symptoms that
include chronic pain, depression, weakness, mood
disturbances, and neuropsychological impairment. In
this mini review and case report, we address central
nervous system (CNS) involvement of CFS and
present neuropathological autopsy findings from a
patient who died with a prior diagnosis of CFS.
Among the most remarkable pathological features of
the case are focal areas of white matter loss, neurite
beading, and neuritic pathology of axons in the
white matter with axonal spheroids. Atypical
neurons displaying aberrant sprouting processes in
response to injury are observed throughout cortical
gray and white matter. Abundant amyloid deposits
identical to AD plaques with accompanying
intracellular granular structures are observed as well.
Neurofibrillary tangles are also present in the white
matter of the frontal cortex, thalamus and basal
ganglia. Taken together, these neuropathological
findings warrant further studies into CNS disease
associated with CFS.

CNS FINDINGS IN CFS
A central theme in chronic fatigue syndrome
(CFS), as the name implies, is a chronic state of
energy deficit experienced by patients. CFS is
defined as 6 months or more of persistent cog-
nitive and physical fatigue, with brain-related
symptoms varying among patients. Along with
headache or vision problems, patients with CFS
may experience cognitive and behavioral altera-
tions. An excellent review by Ocon1 describes
the ‘brain fog’ associated with CFS as slow
thinking, difficulty focusing, lack of concentra-
tion, forgetfulness or haziness in thought pro-
cesses. Clinically, reduced cerebral blood flow,
increased activity in cortical/subcortical activa-
tion during mental tasks, deficits in processing
information, impaired attention, and working
memory are reported.1 In the central nervous
system (CNS), the onset of CFS may be trig-
gered by deleterious factors such as exposure to
radionuclides, viral or microbial infection,
seizure, trauma, genetic mutations and/or other
factors. This manuscript will present a survey
of literature reporting CNS abnormalities and
studies related to potential mechanisms that

may contribute to CNS disturbances in patients
with CFS. For a more comprehensive review of
CNS involvement, please see Fischer et al.2 We
will also present neuropathological findings
from a recent case study that illustrate vascular
pathology, demyelination in focal areas and
diffuse reactive astrogliosis, as well as the
presence of Aβ plaques and axonal and

Significance of this study

What is already known about this
subject?
▸ Chronic fatigue syndrome (CFS) is 6 months

or more of persistent cognitive and physical
fatigue, with brain-related symptoms
varying among patients

▸ CFS is classified as a neurological disorder
and increasing evidence supports CFS as a
disease of the nervous and immune
systems

▸ In the central nervous system (CNS), CFS
may be triggered by exposure to
radionuclides, viral or microbial infection,
seizure, trauma, genetic mutations and/or
other factors.

What are the new findings?
▸ Neuropathological autopsy findings from a

patient who died with a prior diagnosis of
CFS report focal areas of white matter loss,
neurite beading, and neuritic pathology of
axons in the white matter with axonal
spheroids.

▸ Atypical neurons displaying aberrant
sprouting processes in response to injury
are observed throughout cortical gray and
white matter. Abundant amyloid deposits
identical to AD plaques with accompanying
intracellular granular structures are
observed as well.

▸ Neurofibrillary tangles are also present in
the white matter of the frontal cortex,
thalamus and basal ganglia.

How might these results change the
focus of research or clinical practice?
▸ Taken together, these neuropathological

findings warrant further studies into CNS
disease associated with CFS.
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neurofibrillary pathology. Robust tauopathy was also
observed, with evidence of aberrant sprouting and the
presence of abundant Aβ+ plaques in frontal cortex white
matter.

Although the etiology and pathogenesis of CFS have not
been fully elucidated, the WHO classifies CFS as a neuro-
logical disorder (IDC10 (international statistical classification
of disease and health related problems), G93.3) and increas-
ing evidence supports CFS as a disease of the nervous and
immune systems.3 In fact, as early as 1959, Acheson4

described the clinical syndrome as having cerebral damage.
Among the most striking evidence supporting CNS involve-
ment are hundreds of imaging studies that point to brain
abnormalities in patients with CFS. Neuroanatomically,
reductions in gray and white matter are reported.2 5–10

Neural perfusion impairments have also been reported in
some, but not all, patients with CFS.2 11–14 Several studies
used blood oxygen level-dependent functional MRI (BOLD
fMRI) and reported abnormal activities in patients with CFS
compared with control participants.2 7 15 16 Among the chief
neurocognitive alterations in CFS are poor concentration,
short-term memory loss, word-finding inability, delayed
information processing and reaction times, and short atten-
tion span.17 Conflicting reports exist as to whether these defi-
ciencies are distinguishable from those observed in
depression, or whether they correlate with fatigue sever-
ity.2 17–20 Finally, as described in a review by Fischer et al,
neurochemical abnormalities in CFS include hypothalamic
pituitary axis disruptions.21–27 While it is well beyond the
scope of this survey to address all previous studies, we wish
to highlight some of these studies that illustrate CNS involve-
ment in CFS.

Numerous neuroanatomical imaging studies have shown
volumetric changes in patients with CFS (for a review, see
ref. 5). For example, a voxel-based morphometric study by
Okada et al6 reported significantly reduced gray matter
volume in the bilateral prefrontal cortex of patients with
CFS compared with normal controls. Conversely, another
study reported an 8% reduction in gray matter; however,
regional focal loss was not observed.7 Other studies
reported reduced gray matter in occipital lobes and para-
hippocampal gyrus with reduced white matter volume in
the left occipital lobe.8 Using 3.0-T volumetric
T1-weighted MRI with two diffusion tensor imaging (DTI)
acquisitions and arterial spin labeling, Zeineh et al9 identi-
fied increased fractional anisotropy in the right arcuate fas-
ciculus that correlated with disease severity and reduced
bilateral white matter volumes in CFS. Studies from
Barnden et al10 report white matter volume decrease with
increasing fatigue. These studies also showed a strong cor-
relation between brainstem gray matter volume and pulse
pressure, suggesting impaired cerebrovascular autoregula-
tion.10 Taken together, these data support the hypothesis
that significant neuroanatomical changes accompany CFS.

Along with mitochondrial dysfunction and low levels of
ATP that manifest as systemic energy deficit, it is proposed
that CFS impacts both resting and activity-dependent use
of energy. Many imaging studies support CNS involvement
in CFS and show abnormal activity profiles. Recent
imaging studies comparing resting state functional connect-
ivity in patients with CFS to normal controls indicated a
decrease in resting state functional connectivity that

correlated with severity of the fatigue state.28 In other
studies, fMRI was used to determine the association
between BOLD brain responses and mental fatigue as
determined by a variety of mood state tests including the
State-Trait Anxiety Inventory, the Beck Depression
Inventory and visual analog scales.15 Results showed that
mental fatigue tasks caused changes in brain activity in CFS
participants compared with controls. Specifically, observed
changes included positive correlations in cerebellar, tem-
poral, cingulate and frontal regions, with negative correla-
tions in the left posterior parietal cortex.15 Similar studies
with BOLD fMRI analyses indicated that during working
memory tasks, patients with CFS process challenging audi-
tory information as accurately as controls, but exerted
greater effort to process the information than controls.16 In
fact, other studies reported reduced blood flow in middle
cerebral arteries in patients with CFS compared with con-
trols.29 fMRI studies have also reported decreased basal
ganglia activity in patients with CFS compared with
normal controls during a reward processing task.30 From
these studies, it appears that patients with CFS have attenu-
ated task-driven activity levels compared with normal con-
trols and may be required to expend more energy to
complete mental tasks than control participants.

Metabolic system dysfunction has long been proposed to
contribute to CFS31 and imaging studies support these
hypotheses. Studies by Shungu et al32 reported elevated
ventricular lactate, decreased cortical glutathione, and
lower regional cerebral blood flow, which taken together
point to increased oxidative stress as a potential contributor
to CFS. Normal fatigue involves increases in blood levels
of tryptophan, the amino acid precursor of 5-HT.33 In
turn, brain levels of 5-HT increase, leading to the feeling
of fatigue. In studies with patients with CFS, increased
levels of 5-HIAA, the breakdown product of 5-HT, were
observed in cerebrospinal fluid of patients with CFS. This
suggests that patients with CFS experience an increased
central turnover of 5-HT in the CNS.34 Recently, Cleare
et al35 reported decreased 5-HT 1A receptor expression or
affinity in the brains of patients with CFS as determined by
a specific radioligand and positron emission tomography
(PET) scanning, which may contribute to fatigue. PET
studies by Kuratsune et al36 showed hypoperfusion and
reductions in neurotransmitters including glutamate, aspar-
tate and γ-aminobutyric acid through acetylcarnitine in
frontal, cingulate, temporal and occipital cortices, basal
ganglia and hippocampus in CFS. Other studies report
decreased serotonin transporter expression in the rostral
anterior cingulate cortex in patients with CFS.37

Neuroimmune dysfunction is likely a key component of
the CFS phenotype, and is central to many CNS diseases
including multiple sclerosis, HIV-associated neurocognitive
disorder, Parkinson’s disease, substance abuse disorder, trau-
matic brain injury and others. Studies report increased levels
of proinflammatory cytokines in blood and CSF of patients
with CFS that may indicate CNS inflammation.38 39 In these
studies, Natelson et al39 reported higher serum protein con-
centration, white cell count and cytokine levels in some
patients with CFS. Specifically, levels of interleukin (IL)-8 and
IL-10 were higher in patients with CFS with disease onset
accompanied by influenza-like symptoms. Moreover, gran-
ulocyte colony-stimulating factor, a factor that promotes
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maturation of myeloid cells and their proper functioning, was
reduced in patients with CFS, suggesting dysregulation of
immune function.39 To further address potential neuroim-
mune disruptions in CFS, activation of microglia and astro-
cytes was assessed in patients with CFS. Nakatomi and
colleagues used a PET ligand, 11C-(R)-PK11195, that is spe-
cific for a translocator protein on activated glia. Results from
these studies consistently showed widespread inflammation
present in the cingulate, hippocampus, thalamus, midbrain
and pons with higher levels in the amygdala that correlated
positively with fatigue severity score.40 Even though various
neurophysiological findings in CFS have been reported and
include reduced blood flow,11 29 41 42 increased ventricular
lactate,43 increased hypothalamic pituitary axis (HPA) axis
feedback with decreased corticosteroid,44–46 decreased grain
derived neurotrophic factor (BDNF),47 altered serotoner-
gic35 37 48 and muscarinic49 50 neurotransmitter systems and
activated glia with neuroinflammatory cytokine profile
increase, the mechanisms responsible for CNS involvement
in CFS remain elusive.

Alterations in biochemical characteristics in CFS include
decreased serum acetyl-L-carnitine51 with decreased uptake
in prefrontal, temporal, anterior cingulate and cerebel-
lum.36 These results point to potential dysregulation of
mitochondrial oxidation of fatty acids as well as glutamate
synthesis. In other studies, increased autoantibodies against
the muscarinic cholinergic receptor (mAChR) that is
involved in cognitive functioning, motor control and rapid
eye movement sleep were reported.49 Postmortem studies
show reductions in central mAChR in Alzheimer’s-type
dementia, Parkinson’s disease, Huntington’s disease, and
schizophrenia.52–60 Recent studies assessed the effects of
mAChR autoantibody on the muscarinic cholinergic system
in the brains of patients with CFS via PET. However, these
studies found that serum autoantibody against mAChR can
indeed affect brain mAChR without altering acetylcholines-
terase activity and cognition in patients with CFS.50 These
studies indicate reduced neurotransmitter receptor binding
in the brain of patients with CFS and propose that dis-
rupted blood brain barrier functioning may accompany
high levels of autoantibody in the brain.

Taken together, results from these and other studies
point to the complex and multifactorial nature of CFS and
illustrate the need for more investigations addressing poten-
tial mechanistic contributors to CNS dysfunctions in CFS.
Given the numbers of brain imaging studies conducted on
patients suffering from CFS and the CNS-related signs and
symptoms associated with CFS, the relative paucity of post-
mortem neuropathological analyses is surprising. In fact, a
technical note provided a protocol to establish a post-
mortem tissue bank to study CFS in 2014.3 The discussion
presented gives an overview of current literature on CFS
from a macro perspective (anatomical and imaging studies)
and narrowed down to analyses of its more microscopic
elements (neurotransmitter levels, neuroimmune, etc).
Some of the main issues surrounding CFS diagnoses, as dis-
cussed, include the similarity of presentations to known
comorbidities, possibly blinding clinical identification of
CFS in patients. As researchers discover more about CFS, a
goal will be to help differentiate symptoms into etiological
subtypes of the disease (immunological, trauma, etc) from
those symptoms common to an overarching CFS

phenotype. This case review will allow for a specific per-
spective on CFS by examining the syndrome in an individ-
ual who suffered from the disease.

In a comprehensive study in 2003, Kang and colleagues
reported significantly higher rates of CFS and post-
traumatic stress disorder (PTSD) in 15,000 Gulf War veter-
ans compared with the general population. In fact, many
veterans fulfill the diagnostic criteria for CFS61 62 and
several studies report significantly higher rates among veter-
ans compared with non-veterans.63–65 Two main etiological
factors are suggested: either an environmental factor and/or
battlefield stress conditions. Etiological agents suggested to
be contributors to CFS in this population include exposure
to multiple vaccines, pyridostigmine bromide, toxic chemi-
cals, chemical and biological warfare agents or depleted
uranium. Battlefield environments, moreover, present dis-
tinct conditions which are inarguably powerful physio-
logical and psychological stressors. One case report from
Omalu et al66 described chronic traumatic encephalopathy
(CTE) in a war veteran suffering from PTSD. This land-
mark report opened lines of thought to consider PTSD as
part of the CTE spectrum of disease whereby stressors in
certain conditions may contribute to pathologies such as
tauopathy in some cases. Given the wide range of possible
etiologies for PTSD and CFS, and the triggers for forma-
tion of tauopathy in non-Alzheimer’s disease (AD) diseases
such as CTE, we propose that several possible mechanistic
links exist among these diseases. In fact, chronic stressors
such as PTSD, repeated mild traumatic brain injury and
CFS associated with Persian Gulf War veterans show over-
lapping neurobehavioral symptoms including mood distur-
bances, learning and executive function complications,
sleep disturbances and impaired social interactions.67–71

Patients with CFS in the general population also suffer
from these debilitating symptoms,72 pointing to a set of
shared characteristics among these seemingly diverse
disorders.

NEUROPATHOLOGICAL FINDINGS FROM A CFS CASE
Here, we present neuropathological findings from a case of
CFS from a 72-year old Caucasian woman who died from
aspiration pneumonia due to hypertensive cerebrovascular
disease.

According to the patient’s daughter, prior to 1974, the
patient led an active life managing all household duties
including finances. She worked as a volunteer in the local
hospital’s emergency department and managed a concession
stand at local sporting events. Beginning in 1974–1975, the
patient began to repeat herself and have cognitive problems
such as confusion. In 1975, she participated in a golf tour-
nament but could not remember the event or how she got
home. The patient then continued to decline and suffered
from malaise, headache, joint and muscle pain, swollen
lymph nodes and ‘brain fog’ that persisted for over
6 months. Rest did not alleviate these problems. Other sig-
nificant medical history included a diagnosis of CFS made
in 1987, fibromyalgia, celiac disease and hypothyroidism.
The diagnosis of CFS was made according to the Holmes
criteria,73 whereby the patient met both major clinical cri-
teria 1 and 2, and 6 or more of the 11 symptom criteria and
2 or more of the 3 physical criteria, or 8 or more of the 11
symptom criteria.73 Criterion 1 is defined as “new onset of
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persistent or relapsing, debilitating fatigue in a person who
has no previous history of similar symptoms that does not
resolve with bed rest, and that is severe enough to reduce or
impair average daily activity below 50% of the patient’s pre-
morbid activity level for a period of at least 6 months.”73

Criterion 2 is the exclusion of other clinical conditions that
may produce similar symptoms. For a detailed list of these
conditions, see reference73. In 1987, she was admitted to
hospice 10 days prior to death with a diagnosis of general
decline. Within the previous week, she had acute psychotic
episodes that included persecutory and somatic delusions
and delusions of reference where the patient said, “There is
something wrong in my brain. I am dying. People are trying
to kill me.” She also experienced auditory hallucinations
where the patient reported that voices said they were going
to kill her. Three days prior to death, she was in a coma
after suffering a presumed stroke.

Examination of the frontal cortex, basal ganglia and thal-
amus revealed numerous hallmarks of neurodegeneration.
Extensive astrogliosis was observed in the frontal cortex
(figure 1, anti-glial fibrillary acidic protein (GFAP) green),
with few microglia present (anti-Iba-1, red).
Microvasculature showed disruption with hyalinization,
atherosclerosis and vessel wall thickening likely associated
with hypertension (figure 1, inset and asterisks). In add-
ition, focal areas of white matter loss were observed in the
frontal cortex as indicated by Luxol fast blue staining
(arrowheads; figure 2). To assess neuronal abnormalities,
sections were labeled with antibodies against neurofilament

and the paired helical filaments (PHFs) of hyperphosphory-
lated Tau (hp Tau). Immunolabeling with antineurofilament
(figure 3A, B) and PHF (figure 3D) antibodies identified
axonal spheroids (arrows) indicating axonal swelling. In
addition, atypical neurons with neuritic beading and aber-
rant sprouting were present (figure 3C, arrowheads) and
may represent response to damage. Silver staining revealed
numerous neuronal neurofibrillary-like tangles in the basal
ganglia, thalamus and white matter of the frontal cortex
(figure 4A–C, respectively). However, more detailed char-
acterization is needed using other Tau antibodies, thio-S
and electron microscopic analyses.

The hp Tau was observed in association with neuronal
cells and with microtubule associated protein 2
(MAP2)-negative cells (figure 5A). On the other hand,
diffuse hp Tau immunolabeling showed co-localization with
MAP2-positive cellular structures (figure 5B, arrowhead).
To assess if hp Tau was also associated with astrocytes,
double immunolabeling with GFAP and hp Tau was con-
ducted. Results indicated no co-localization of hp Tau with
GFAP-positive astrocytes (figure 6A–C). Microvessels dis-
played abundant hp Tau accumulations (figure 6A, B, arrow-
heads). Likewise, hp Tau labeling was observed in cellular
processes that were GFAP-negative (figure 6C, arrows).

Figure 2 Myelin loss in the frontal cortex. (A, B) Frontal cortex
white matter tissue sections are stained with luxol fast blue with
a cresyl violet counterstain. Arrowheads indicate areas of focal
demyelination showing myelin pallor. Arrows indicate blood vessel
architecture disruption. Magnification is ×100.

Figure 1 Immunolabeling of brain tissues from the frontal
cortex of a patient with CFS indicates robust reactive astrogliosis.
Sections from white matter in the frontal cortex were
immunolabeled with GFAP (green) for astrocytes and Iba-1 (red)
for microglia. Asterisks indicate the lumen of blood vessels
showing hyalination, vessel wall thickening and atherosclerosis.
Nuclei are stained with DAPI in blue. Scale bar is ∼40 μm. CFS,
chronic fatigue syndrome.
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Numerous amyloid plaques were detected around blood
vessels and in the neuropil, some with a diffuse appearance
and others condensed (figure 7A, insets, arrowheads). In
addition, there was strong intracellular Aβ immunoreactivity

that had a granular appearance, with Aβ aggregates observed
in neuronal and non-neuronal cells (figure 7B, C, insets).
Immunolabeling for CD3 for cytotoxic T cells, CD20 for B
cells or CD68 for macrophages was consistent with

Figure 3 Axonal spheroids and
abnormal neuronal architecture is
observed in the frontal cortex. (A, B)
Neurofilament immunolabeling with
arrowheads indicates probable axonal
spheroids in white matter. (C)
Neurofilament immunolabeling shows
abnormal sprouting and neuronal
architecture in gray matter
(arrowheads). (D) Immunolabeling with
paired-helical filament Tau antibody
shows a probable axonal spheroid
(arrow) in white matter. Sections are
immunolabeled with antibodies and
reacted with 3, 30-DAB and
counterstained with hematoxylin.
Images are ×100 magnification. DAB,
diaminobenzidine.

Figure 4 Tangles are observed in the thalamus, basal ganglia and frontal cortex. Silver staining of the (A) thalamus showing numerous
tangles (inset and arrowheads), (B) basal ganglia with neurofibrillary-like tangles (inset and arrowheads) and (C) frontal cortex with
neurofibrillary-like tangle (arrowhead). Magnification is ×200. WM, white matter.
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expected findings for the patient’s age and state of hyperten-
sive cerebrovascular disease (data not shown).

In summary, atypical neurons displaying aberrant sprout-
ing processes in response to injury are observed throughout
cortical gray and white matter. Abundant amyloid deposits

reminiscent of AD plaques, with accompanying intracellu-
lar granular structures, are observed as well. On the other
hand, amyloid plaques from this case do not show typical
dystrophic neurites associated with AD pathology.
Neurofibrillary-like tangles are also present in the white

Figure 5 The hp Tau accumulation
and dendritic disruption shown via
double immunofluorescent labeling.
(A–B) The hp Tau is detected by
anti-s396 antibody (red) as intracellular
and extracellular accumulations.
Abnormal dendritic arborization
detected by anti-MAP2 antibody
(green) is evident in focal nodular-like
accumulations. (B) Inset shows
co-localization of hp Tau with MAP2
(arrowheads). Nuclei are labeled with
DAPI in blue (bar=40 mm, ×200
magnification). hp Tau,
Hyperphosphorylated Tau.

Figure 6 Double immunofluorescent labeling shows no overlap between hp Tau and astrocytes. (A, B) Accumulations of hp Tau (red,
arrowheads) are observed surrounding vessels with reactive astrocytes in green. No co-localization is observed. (C) Double
immunolabeling for hp Tau (red) and astrocytes (green). Inset (red, arrows) shows neuronal process damage. Nuclei are labeled with
DAPI in blue (bar=40 mm, ×200 magnification). hp Tau, Hyperphosphorylated Tau.
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matter of the frontal cortex, thalamus and basal ganglia.
Robust astrogliosis and marked white matter demyelination
are observed. Dystrophic neurites and axonal pathology are
most prominent in the white matter and the gray/white
matter cortical interface, which has been described previ-
ously in traumatic brain injury and related entities. The
mechanisms responsible for neuropathologies associated
with CFS are unknown. However, tauopathy observed in
this case of CFS may have resulted from neuronal

dysfunction in this stress-related disorder that includes
changes in the inflammatory response, whereby increased
cytokine and chemokine production led to the generation
of reactive oxygen species that further induced stressful
conditions. Cascades of kinase signaling induced by stres-
sors are implicated in tauopathies and include
stress-activated kinase c-Jun N-terminal kinase, p38 and
glycogen synthetase kinase-3 beta (GSK3β).74–76 Conversely,
as some reports have proposed, the tauopathy observed in

Figure 7 Immunohistochemical labeling of Aβ in frontal cortex white matter of CFS case. (A, B) Immunocytochemical analysis of Aβ
deposition using the 4G8 antibody in paraffin sections treated with 80% formic acid. Sections are immunolabeled with antibodies and
reacted with 3, 30-DAB and counterstained with hematoxylin. Images are ×100 magnification. CFS, chronic fatigue syndrome; DAB,
diaminobenzidine.
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this case may be a by-product of a compensatory secondary
mechanism in response to disruption of lipid homeosta-
sis.77–80 There are several alternative explanations and
potential contributors to the neuropathology that we have
reported. First of all, AD-like pathology and vascular
changes were observed. However, unlike AD, this case does
not show typical dystrophic neurites. On the other hand,
the tauopathy observed may not necessarily explain the
mechanisms of cellular dysfunction but rather serves as a
useful (pathological or phenotypic) marker for CFS. Taken
together, holistic analysis of the neuropathological findings
from this case point to severe neuronal dysfunction with
hallmarks characteristic of neurodegeneration. This being
the first neuropathological report of a CFS case points to
the need for more extensive large-scale investigations into
the neuropathologies associated with CFS in order to estab-
lish a consistent rubric for identification, diagnosis and
scoring of the syndrome as part of a greater class of CNS
diseases with similar clinical presentation.

MATERIALS AND METHODS
Brain tissue
Brain tissue was obtained from the National Chronic
Fatigue Immune Dysfunction (CFIDS) Foundation in
accordance with Temple University Human Subjects
Protections. Formalin-fixed tissues were embedded in paraf-
fin and sectioned into 4 μm sections with a microtome and
mounted onto glass slides. Sections were deparaffinized in
xylene and rehydrated through descending grades of
ethanol up to water.

Immunolabeling
Non-enzymatic antigen retrieval in 10 mM citrate buffer,
pH 6.0 was conducted for 30 min at 97°C in a vacuum
oven. Sections were washed in 1X phosphate buffered
saline (PBS) and placed in 5% normal goat or horse serum
supplemented with 0.1% bovine serum albumin (BSA) for
2 hours. Sections were then incubated with primary anti-
bodies overnight at room temperature in a humidified
chamber. Primary antibodies included GFAP for astrocytes
(1:200, Abcam, Cambridge, Massachusetts, USA); Iba-1 for
microglia (1:200, Abcam); hp Tau (s396; 1:200, Abcam);
PHF (1:200, Thermo Scientific, Grand Island, New York,
USA); neurofilament (SMI312, 1:200, Abcam) and MAP2
for dendrites (1:200, Cell Signaling, Temecula, California,
USA). After incubation with primary antibodies, sections
for immunofluorescence were washed in 1X PBS and incu-
bated with fluorescein isothiocyanate-conjugated secondary
antibody (1:500) and Texas-redisothiocyanate-tagged sec-
ondary antibodies (1:500; Thermo-Scientific) for 2 hours
at room temperature and dark conditions. Finally, sections
were cover-slipped with an aqueous-based mounting media
containing 4,6-diamidino-2-phenylindole, dihydrochloride
(DAPI) for nuclear labeling (Vector Laboratories), and
visualized with a Leica Advanced Wide field imaging
system (Leica Microsystems; Buffalo Grove, Illinois, USA).
Sections for diaminobenzidine (DAB) staining were incu-
bated in biotinylated secondary antibody (1:200; Vector
Laboratories, Burlingame, California, USA), followed by
Avidin D-HRP (ABC Elite; Vector) and reacted with DAB
(0.2 mg/mL) in 50 mM Tris buffer (pH 7.4) with 0.001%
H2O2.

Silver staining
Tissue sections were mounted on glass slides as for immu-
nohistochemistry (IHC) and silver stained according to
Bielschowsky’s method as previously described.81 Briefly,
sections were rehydrated up to water, stained with 20%
silver nitrate solution and washed in water. Concentrated
ammonium hydroxide was added dropwise to the silver
nitrate solution while stirring to dissolve the dark initial
precipitate. Sections were then incubated in 0.1% ammo-
nium hydroxide and developed by incubating slides in
developing solution (0.2 mL 37% formaldehyde, 12 mL
dH2O, 12.5 μL 20% nitric acid and 0.05 g citric acid)
added to the silver hydroxide solution. Sections were
washed again in 0.1% ammonium hydroxide followed by
water, toned in 0.2% gold chloride and fixed in 5%
sodium thiosulfate. After washing again in water, sections
were dehydrated through alcohols to xylene and mounted
with glass coverslips.
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