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Neuron-Derived Plasma Exosome Proteins
after Remote Traumatic Brain Injury

Edward J. Goetzl"" Carrie B. Peltz>*" Maja Mustapic Dimitrios Kapogiannis®> and Kristine Yaffe®>

Abstract

To identify long-term effects of traumatic brain injury (TBI) on levels of plasma neuron-derived exosome (NDE) protein
biomarkers of cognitive impairment (CI), plasmas were obtained from four groups of older veterans, who were matched
for age and sex: no TBI or CI (n=42), no TBI with CI (n=19), TBI without CI (n=21), and TBI with CI (n=26). The TBI
was sustained 12 to 74 years before the study in 75%. The NDEs were enriched by sequential precipitation and anti-
L1CAM antibody immunoabsorption, and extracted protein biomarkers were quantified by enzyme-linked immunosorbent
assays. Chronic NDE biomarkers known to increase for three to 12 months after TBI, including cellular prion protein
(PrPc), synaptogyrin-3, P-T181-tau, P-S396-tau, Af42, and interleukin (IL)-6, were elevated significantly in subjects who
had TBI and CI compared with controls with TBI but no CI. Chronic NDE biomarker levels in subjects without TBI
showed significantly higher levels of PrPc, synaptogyrin-3, P-T181-tau, and Af42, but not P-S396-tau and IL-6, in those
with CI compared with controls without CI. The acute NDE biomarkers claudin-5, annexin VII, and aquaporin-4 were not
increased in either group with CI. The NDE biomarkers P-S396-tau and IL-6, which are increased distinctively with CI
after TBI, may prove useful in evaluating CI in older patients. A342 and P-tau species, as well as their respective putative
receptors, PrPc and synaptogyrin-3, remain elevated for decades after TBI and may mediate TBI-associated CI and be
useful targets for development of drugs.

Keywords: amyloid; biomarkers; phospho-tau; prion cellular protein; proteinopathic neurodegeneration; synaptogyrin-3

Introduction

TRAUMATIC BRAIN INJURY (TBI) of different degrees of severity
is a common medical problem worldwide that is especially
frequent in young adults exposed to shockwaves of explosions in
military combat or violent contact in various sports.'> Some effects
of TBI develop and subside rapidly, but many others, including
mild cognitive impairment (CI) and dementia, appear and worsen
over extended periods of neuronal degeneration. Although it was
thought initially that late-onset dementia was evoked only by
moderate to severe TBI, military veterans showed very significant
increases in risk of dementia even in those with mild TBI (mTBI).?

Acute TBI evokes a complex of neural responses that includes
changes in neural fluid and vesicle movements, multi-factorial in-
flammation with increased oxidation and proteolysis, and initiation
of regional synaptic and neuronal loss that may slowly progress to a
state of proteinopathic neurodegeneration with C1.*~® Some aspects
of the neurodegenerative pathology observed in TBI-associated CI
resemble those of Alzheimer disease (AD), but there also are dis-

tinguishing features.”® Hyperphosphorylated tau (P-tau) neurofi-
brillary tangles in neurons, astrocytes, and clusters of neurites deep
in cortical sulci around blood vessels are more prominent in TBI-
associated CI than AD. Neuronal deposition of amyloid f# 1-42
(Ap42) peptides is greater in AD than in TBI-associated CIL. In-
vestigations of a wide range of neurally derived proteins in cere-
brospinal fluid (CSF) and plasma so far have not yielded biomarkers
that reliably predict progression of TBI to chronic dementia or offer
useful targets for therapy.”*~'

Neuron-derived exosomes (NDEs) collect a wide range of
neuronal proteins of cellular membranes and cytosol as they move
from the plasma membrane through endosomal pathways prior to
being secreted into extracellular fluids of the central nervous sys-
tem (CNS) and entry into other neural cells or passage through the
blood-brain barrier (BBB) into blood.'> We thus had conducted an
initial investigation of changes in NDE cargo protein levels that
occur acutely within the first two weeks after sports-induced mild
TBI (mTBI) and those seen chronically at up to 3 to 12 months after
sports-induced mTBI.'6
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In the first week after mTBI, levels of NDEs in plasma were
decreased significantly, possibly as a result of diminished vesicular
traffic associated with concurrently depressed neuronal levels of
the small guanosine triphosphate (GTP)ases—including ras-related
small GTPase 10 (RAB10), RAB35, and others.'® In the same acute
period, NDE levels of cargo proteins with known neural functions
were elevated, including annexin VII, ubiquitin C-terminal hydro-
lase L1 (UCH-L1), fragments of All spectrin, claudin-5, sodium-
potassium-chloride co-transporter-1 (NKCC-1), aquaporins 1
and 4, and synaptogyrin-3. Only NDE levels of aquaporin 4 and
synaptogyrin-3 were still elevated significantly but less at 3 to
12 months after the most recent mTBI.'®

Of the neural proteins with putative pathogenic activities that
were detected in plasma NDEs, levels of Af42, P-T181-tau, P-
S396-tau, interleukin (IL)-6, and prion cellular protein (PrPc) were
significantly elevated at 3 to 12 months after the most recent mTBI,
and that of total tau was elevated marginally. Compared with ele-
vated NDE levels in the first week after mTBI, those at 3 to 12
months were higher for Af42, P-T181-tau, and P-S396-tau, the
same for PrPc, and lower for IL-6. We report now the persistent
effects of TBI of different degrees of severity up to decades later on
plasma NDE levels of proteins with neural pathogenic activities
and their putative neuronal receptors relevant to TBI-associated CI.

Methods

Research subject recruitment, evaluation,
and blood collection

All participants were military veterans residing at the Veterans
Home of California in Yountville, CA (VHCY). Residents of
VHCY were recruited for the study through flyers, social events,
and word of mouth. The total cohort of 108 had an age range of
50 to 95 years, and all were able to provide informed consent for
research. Individuals were excluded because of a cognition level
too low to allow informed consent as judged by a Mini-Mental State
Examination (MMSE) score'” < 20, past penetrating head injury,
inability or unwillingness to provide a blood sample, or a comorbid
serious medical condition or severe hearing or vision impairment.
The study was approved by the Human Research Institutional
Review Committee of the University of California, San Francisco,
and all participants gave written informed consent.

TBI was defined for the affected groups three and four as a head
injury resulting in any form of medical care. The two groups
classified as never having sustained a TBI had no history of any
head injury that produced neurological symptoms or required
medical care by self-report. A history of TBI was found in VHCY
medical records of 52% of the TBI participants and was absent from
the medical records of all non-TBI participants. The Ohio State
University TBI Identification Method,'® a structured clinical in-
terview recommended by the National Institute of Neurological
Disorders and Stroke as a Common Data Element for the retro-
spective assessment of lifetime TBI in clinical research, was used to
assess TBI history and determine the severity of TBI.

General cognitive abilities were assessed by the MMSE (range
of scores, 0-30), a frequently used test for general cognition. The
Auditory Verbal Learning Task (AVLT)'*?° is a verbal memory
test with five Learning Trials and a 30-min Delayed Recall test. The
Learning Trials (total trials 1-5) and Delayed Recall were used to
determine learning and memory performance, respectively. Mental
processing speed was quantified by the Wechsler Adult Intelligence
Scale-Revised (WAIS-R) Digit Symbol Task,?' a timed task in-
volving number and symbol matching.

Given that norms are less established for the very old, we de-
fined CI operationally using a composite Z-score from the
AVLT learning score, AVLT delay score, MMSE, and WAIS Digit
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Symbol. The composite score was based on the Alzheimer’s Dis-
ease Cooperative Study Preclinical Alzheimer Cognitive Compo-
site score,”* a measure of early cognitive impairment that has been
used in multiple studies.

First, each participant’s raw cognitive test scores were compared
with demographically corrected normative data for each measure—
Mayo’s Older Americans Normative Studies age-corrected norms
for AVLT Learning Trials>® and Delayed Recall and Alzheimer’s
Disease Centers’ Uniform Data Set age-, gender-, and education-
corrected norms>* for MMSE and WAIS-R Digit Symbol. Then,
each individual’s raw test scores were converted into demograph-
ically corrected Z-scores using these normative data, indicating
how much each individual’s performance differs from that of
healthy, demographically similar peers. Finally, the individual Z-
scores for each participant were averaged to create a composite
cognitive Z-score.

CI was defined as a cognitive composite score below normative
values by more than one standard deviation, diagnosis of dementia
in medical records, or history of taking a dementia prescription
medication (donepezil, memantine, or rivastigmine) that was re-
corded in their medical records.

The first and second study groups were composed of subjects
who had not experienced any TBI. Subjects of the first group
(n=42) had normal cognition, whereas CI had developed in those
of the second group (n=19). Subjects of groups three (n=21) and
four (n=26) had experienced one to four episodes of TBI in the one
to 74 years before blood sampling that was not followed by CI in
those of group three, but was followed by CI in those of group four.
Seventy-five percent of subjects of groups three and four had ex-
perienced TBI decades ago, and 25% had TBI one to 10 years ago.

Venous blood was obtained for plasma by the standard phle-
botomy technique using EDTA for anticoagulation. Plasma was
stored in 0.25 mL portions at -80°C.

Enrichment of plasma NDEs for extraction
and enzyme-linked immunosorbent assay
(ELISA) quantification of proteins

Aliquots of 0.25mL plasma were incubated with 0.1 mL
thromboplastin D (Thermo Fisher Scientific, Waltham, MA), fol-
lowed by addition of 0.15mL of calcium- and magnesium-free
Dulbecco balanced salt solution with protease inhibitor cocktail
(Roche, Indianapolis, IN) and phosphatase inhibitor cocktail
(Thermo Fisher Scientific), as described.?® After centrifugation at
3000g for 30 min at 4°C, NDEs were harvested from resultant su-
pernatants by sequential ExoQuick (System Biosciences, Mountain
View, CA) precipitation and immunoabsorption enrichment with
mouse anti-human CD171 (L1CAM neural adhesion protein) bio-
tinylated antibody (clone 5G3; eBiosciences, San Diego, CA) as
described.”

The NDEs were counted and their size ranges were determined,
as described previously'® Then NDEs were lysed in mammalian
protein extraction reagent (M-PER; ThermoFisher Scientific) that
contained protease and phosphatase inhibitor cocktails prior to
storage at -80°C before ELISAs. These procedures all have been
described in greater detail elsewhere along with an estimate that 8—
10% of NDEs may be attributable to other cellular sources.'

The NDE proteins were quantified by ELISA kits for human
claudin-5 and tetraspanning exosome marker CD81 (Cusabio-
American Research Products, Waltham, MA), PrPc, aquaporin-1
and aquaporin-4 (Cloud-Clone Corp.-American Research Pro-
ducts), synaptogyrin-3 (Abbkine, Wuhan, China-American Re-
search Products), IL-6 (R&D Systems, Minneapolis, MN), annexin
VII (Biomatik, Wilmington, DE), Ap42 (ultrasensitive ELISA) and
P-S396-tau (Invitrogen, ThermoFisher Scientific, Vienna, Austria),
and P-T181-tau (FUJIREBIO, US, Inc., Malvern, PA).

The mean value for all determinations of CD81 in the total
population was set at 1.00, and relative values of CD81 for each
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TABLE 1. DEMOGRAPHICS AND COGNITIVE LEVELS FOR THE FOUR STUDY GROUPS
Control wo TBI CI wo TBI TBI wo CI TBI w CI

n=42 n=19 n=2] n=26 P
Demographics
Age in years (SD) 78.6 (8.8) 79.5 (9.7) 79.4 (9.6) 74.7 (10.6) NS
Number of males (%) 35 (83.3) 18 (94.7) 18 (85.7) 26 (100.0) NS
Number of minority race (%) 4 .(9.5) 3 (15.8) 2 (9.5 1 (3.9) NS
Education in years (SD) 15.3 (1.8) 14.9(2.2) 15.3 (2.5) 14.7 2.1) NS
Cognition
MMSE score (SD) 29.0 (1.3) 26.4 (2.8) 29.0 (1.0) 27.6 (1.8) <0.001*
Composite Z score (SD) 0.25 (0.46) -0.40 (0.49) 0.24 (0.59) -0.22 (0.58) <0.001*

TBI, traumatic brain injury; CI, cognitive impairment; wo, without; w, with; SD, standard deviation, MMSE, Mini Mental State Examination.

*p values for comparisons of two without TBI and two TBI groups.

sample were used to normalize their recovery. There were no dif-
ferences in recovery of NDEs between the groups based on mean
(£ standard error of the mean) relative levels of CD81: no TBI or
CI (0.97£0.07), no TBI with CI (0.98+0.08), TBI without CI
(1.11£0.12), and TBI with CI (0.91 £0.07). For each group, there
was a significant correlation between NDE counts and CD81 levels
with Pearson coefficient r values >0.85 for all. One investigator
(EJG) conducted all ELISAs without knowledge of the clinical data
for any subject.

Statistical analyses

The Shapiro-Wilks test showed whether data in each set were
distributed normally. Data for only two analytes (IL-6 and Af342)
were not distributed normally, and the significance of the differences
between their group values was determined by the Mann-Whitney
rank-sum test. For all other analytes, groups were compared using
an unpaired Student 7 test, including a Bonferroni correction, and
analysis of variance (ANOVA) analyses (Prism 7; GraphPad Soft-
ware, La Jolla, CA). Correlative evaluations used a Pearson corre-
lation method (GraphPad).

Results

There were no significant differences in age among subjects of
the four study groups, nor were there significant differences be-
tween the two groups without TBI and those with TBI with respect
to the percentages of male or minority race participants or total
years of education (Table 1). Levels of cognition, quantified by the
two distinct methods of MMSE and Composite Z score, were sig-
nificantly higher for group 1 than 2 without TBI and for group 3
than 4 with TBI (Table 1).

In comparing groups 3 and 4 with TBI, the numbers of subjects
in each group who sustained one TBI and two or more TBIs were no
different. Six subjects in each of the TBI groups sustained their
most recent TBI one to 10 years before donating blood for this
study, and neither the mean times or the ranges of times since the
most recent TBI differed between groups 3 and 4 (Table 2). Si-
milarly, there was no difference between the percentages of sub-
jects in groups 3 and 4 who had moderate or severe TBIs (Table 2).

The CD81-normalized levels of acutely responsive NDE cargo
proteins, such as claudin-5 and annexin VII, that are representative
of those elevated only transiently within weeks after an impact
sport-induced mTBI'® were the same for cognitively normal con-
trols, subjects with CI without TBI, and those who had TBI years
before testing without or with subsequent CI (Fig. 1 A,B). The
CD81-normalized levels of NDE aquaporin 4, which were elevated
significantly within one week and less for at least three to 12 months

after an impact sport-induced mTBI'® also were the same for
controls, subjects with CI without TBI, and those who had TBI
years before testing without or with subsequent CI (Fig.1 C).

The CD81-normalized NDE levels of PrPc and synaptogyrin-3,
which were elevated within one week and for at least three to 12
months after an impact sport-induced mTBI,'® were significantly
higher in those with CI than without CI years after TBI and also
were significantly higher in subjects with CI without TBI than
cognitively normal controls (Fig.1 D,E).

The CDS81-normalized NDE levels of the neuropathogenic
proteins P-T181-tau and Af42 were shown previously to be sig-
nificantly elevated within one week with persistence for at least
three to 12 months after an impact sport-induced mTBI and also are
elevated up to 10 years before clinical presentation of AD.'®*6:27
The present results show that these proteins also were significantly
higher in those with CI than without CI many years after TBI and in
subjects with CI without TBI compared with their cognitively
normal controls (Fig. 2 A,C).

The CDS81-normalized NDE levels of the neuropathogenic
proteins P-S396-tau and IL-6 are elevated variably in AD de-
pending on the stage and severity of neurodegeneration. The same
two NDE proteins are consistently elevated after sport-induced
mTBI with significant increases in P-S396-tau only after three
months and for at least 12 months and in IL-6 within one week with
persistence for at least three to 12 months.'®

For this set of plasmas from elderly military veterans, both P-
S396-tau and IL-6 were significantly higher in those with CI than
without CI many years after TBI, but were not higher in subjects
with CI without TBI than cognitively normal controls (Fig. 2 B,D).
The ANOVA analyses were conducted to evaluate possible inter-
actions between TBI and CI in increasing the levels of biomarkers.

TABLE 2. TBI CHARACTERISTICS

TBI wo CI TBI w CI
n=21 n=26 P
Years since most recent TBI,  33.9 (26.2) 254 (23.9) NS
mean (SD)
Number of TBIs (SD)
1 TBI 9 (42.9) 14 (539) NS
>2 TBIs 12 (57.1) 12 (46.2) NS
Moderate/severe TBI, 7 (33.3) 10 (38.5) NS

n (% of total)

TBI, traumatic brain injury; wo, without; CI, cognitive impairment;
w, with; SD, standard deviation; n, number; NS, not significant.
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FIG. 1. Neuron-derived exosome (NDE) levels of normal functional cargo proteins in cross-sectional control, cognitive impairment

(CI) with no history of traumatic brain injury (TBI), TBI without (w/o0) CI, and TBI with (w) CI groups. Each point represents the value
for one participant, and the horizontal line in point clusters is the mean level for that group. Mean + standard error of the mean for
control w/o TBI, CI w/o TBI, TBI w/o CI, and TBI w CI, respectively, are 1711+ 101 pg/mL, 1474+ 154 pg/mL, 1595+ 139 pg/mL, and
1505+ 145 pg/mL for claudin-5 (A), 47256 +3249 pg/mL, 45274 +3882 pg/mL, 35831+3503 pg/mL, and 47087 +3486 pg/mL for
annexin VII (B), 4787%397 pg/mL, 30291251 pg/mL, 3623 +408 pg/mL, and 3522+241pg/mL for aquaporin 4 (C), 7986=*
922 pg/mL, 17149 +1207 pg/mL, 6949 £702 pg/mL, and 17730%995 pg/mL for PrPc (D), and 81.7%+11.0 pg/mL, 145+19.7 pg/mL,
64.31+9.14 pg/mL, and 142+ 13.3 pg/mL for synaptogyrin-3 (E). The significance of differences shown between values for controls and
CI w/o TBI subjects and between values for TBI w/o CI and TBI with CI subjects, respectively, were calculated by an unpaired Student ¢

test; *p<0.01, *p<0.001.

TBI with CI resulted in significantly higher levels than CI alone
(p<0.05) for P-S396-tau, IL-6, and Ap42, but not for P-T181-tau,
PrPc, or synaptogyrin-3. For most analytes, there is considerable
overlap of the values for mTBI subjects without and with CI. For
PrPc, P-T181-tau and P-S396-tau, however, only 20% or fewer of the
values for subjects with CI overlap into the range for those without CL.

In summary, neuronal putative binding proteins PrPc and
synaptogyrin-3 along with their respective neuropathogenic protein
ligands A 42 and the P-tau species P-T181-tau and P-S396-tau all
were significantly higher in military veteran TBI subjects with CI
than without CI years after the injury. Further statistical analyses of
values for the total set of plasma NDE analytes showed no signif-
icant correlations between those of any NDE cargo protein and the
time interval between TBI and obtaining plasma for study. For the
total set of plasma NDE analytes, however, there are very signifi-
cant inverse correlations between cognitive composite Z scores and
the CD81-normalized NDE levels of PrPc, P-T181-tau, and Afp42
(p<0.0001 from Pearson correlation coefficients).

Discussion

Our previous analyses of the time courses of abnormal ele-
vations in levels of plasma NDE proteins after TBI had so far
been limited to one year after the most recent mTBI in college

athletes.'® Plasma NDE proteins in the present study were har-
vested from veterans whose most recent TBI was at least one
decade before the study for 75% of group 3 and 4 participants and
a mean of several decades before for the total group (Table 2).
The current similar results substantially extend our previous findings
(Fig. 1,2).

No increases were found in levels of any of the three acutely
responsive NDE proteins—claudin-5, annexin VII, or aquaporin
4—that were elevated only for weeks to months after a sports-
related TBI (Fig. 1). In contrast, levels of the plasma NDE proteins
that were elevated for at least one year after a sports-related TBI
also were significantly increased in the subjects with CI after very
remote TBI relative to levels in those without CI at the same time
after TBI. This set of NDE proteins that are increased relative to
controls both for at least one year after sports-related TBI and now
for elderly in a veterans home up to seven decades after TBI in-
cluded PrPc, synaptogyrin-3, P-T181-tau, P-S396-tau, Af42, and
IL-6 (Fig. 1,2).' For military veterans resident in the same facility
but with no history of TBI, elevations of plasma NDE proteins of
this cluster in those with CI relative to those without CI included
PrPc, synaptogyrin-3, P-T181-tau, and Af42, but not P-S396-tau
or IL-6 (Fig. 1,2).

It is difficult to compare our current results with previous find-
ings of elevated levels of total tau and P-T181-tau in total plasma
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FIG. 2. Neuron-derived exosome (NDE) levels of putatively proteinopathic cargo proteins in cross-sectional control, cognitive
impairment (CI) with no history of traumatic brain injury (TBI), TBI without (w/0) CI, and TBI with (w) CI groups. Each point
represents the value for one participant, and the horizontal line in point clusters is the mean level for that group. Mean = standard error
of the mean for control w/o TBI, CI w/o TBI, TBI w/o CI, and TBI w CI, respectively, are 85.2+6.67 pg/mL, 156+ 17.3 pg/mL,
63.5+6.70 pg/mL, and 173+ 14.6 pg/mL for P-T181-tau (A), 93.5+10.0 pg/mL, 97.7+t12.4pg/mL, 44.7+3.92pg/mL, and 151
15.4 pg/mL for P-S396-tau (B), 7.49+1.16 pg/mL, 31.5£6.64 pg/mL, 11.3+1.83 pg/mL, and 57.5+12.1 pg/mL for Af42 (C), and
44.2+8.54pg/mL, 59.7£8.21 pg/mL, 43.2+11.2pg/mL and 117x22.2 pg/mL for IL-6 (D). The significance of differences shown
between values for controls and CI w/o TBI subjects and between values for TBI w/o CI and TBI with CI subjects, respectively, were

calculated by an unpaired Student 7 test; *p<0.01, **p <0.001.

exosomes from military subjects who had their last TBI more re-
cently.?® In that earlier study, there was no enrichment of NDEs
from total plasma exosomes, protease and phosphatase inhibitors
were added late in the harvesting process, and analytes levels were
one-third to 1/100 of those we and others now report.

Finding significant elevations of NDE levels of Af42-binding
PrPc and P-tau-binding synaptogyrin-3, as well as Af42, two
species of P-tau, and IL-6, decades after the last known TBI sug-
gests that the putative progression factors PrPc and synaptogyrin-3
have been persistently trapping and concentrating their respective
neurotoxic ligands on neurons over a very long interval. The im-
portance of PrPc as a neuronal receptor for Af peptides has been
supported by results of several recent studies.

Analyses of binding of synthetic Aff to COS-7 cell transfectants
expressing equal levels of a wide range of putative AfS receptors
demonstrated binding only by PrPc, Nogo receptor 1, and leukocyte
immunoglobulin-like receptor subfamily B member 2.%° Further,
the decrease in Af binding to mouse hippocampal neurons lacking
PrPc was more than twice as great as those lacking both Nogo
receptor 1 and leukocyte immunoglobulin-like receptor subfamily
B member 2. Both PrPc and Nogo receptor 1 bound neurotoxic
oligomeric A (Afo) preferentially over monomeric Af. Afo
eluted from human Alzheimer disease brain tissue was bound with
high affinity only by PrPc.

In human neuroblastoma cells, activation of the endogenous
metalloproteinase ADAMI10 evoked shedding of PrPc and con-
current reduction in binding of Afo, that were both affected oppo-
sitely in parallel by inhibition of ADAM10 activity.*® Knockdown of
ADAMI10 reduced shedding of PrPc and concomitantly increased
neuroblastoma cell binding and toxicity of A ffo, that also were both
blocked by a PrPc-blocking antibody. Thus, overall increases
in neuronal expression of PrPc after a TBI would be expected to
increase neuronal binding and toxicity of Afo species. Similar
studies have not yet been conducted with synaptogyrin-3 and P-tau
species.

Current data add to the originally proposed progression factor
hypothesis—the possibility that levels of Af42-PrPc and P-tau-
synaptogyrin-3 complexes on the surface of neurons may be in-
creased for decades after sustaining a TBI as a result of elevated
neuronal surface expression of PrPc and synaptogyrin-3 evoked by
the TBL.'®3' We hypothesize that the persistently elevated levels of
these complexes in NDEs and on neurons deliver into neurons for
many years a toxic level of their ligands A ffo and P-tau species, and
that interference with this toxic mechanism could prevent the de-
velopment of TBI-associated CI and possibly AD.

Much additional research will be needed, however, to clarify the
potential neural pathogenic roles in TBI of PrPc, synaptogyrin-3,
and perhaps other progression factors, such as Af42-binding and
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aggregating coagulation factor XIII and the inflammatory cytokine
IL-6. Such progression factors are defined by their persistent ele-
vation in NDEs and neurons affected by TBI, and their capacity to
bind and thus concentrate neurotoxic Af; peptides, especially A ffo,
and various P-tau species.

Many other characteristics of such progression factor-Afo or
progression factor-P-tau complexes remain to be established. For
example, are the complexes Af342-PrPc and P-tau-synaptogyrin-3
similarly or differently neurotoxic than the unconjugated proteins?
Are cellular trafficking and intercellular movement of the neuro-
toxic proteins altered by binding to their membrane progression
factor partners? Do PrPc and synaptogyrin-3 function as true cel-
lular receptors in the sense that binding of their respective ligands
sends biochemical or functional signals to host neurons and/or
modifies neuronal distribution of PrPc or synaptogyrin-3?

There also may be therapeutic implications of the pathogenic
roles of the progression factor-conjugated neurotoxic proteins. If
drugs can be identified that dissociate these complexes or alter their
distribution and activities in neurons, will the pathogenic effects of
Afo or P-tau species be diminished in chronic traumatic enceph-
alopathy or perhaps in AD?

As accumulating evidence implicates several progression factors
in neuronal delivery of neurotoxic Af peptides and P-tau species in
mTBI and possibly also in early AD, a rationale is developing for
expanding drug discovery efforts to include agents that affect
neuronal expression of such proteins and their binding interactions
with neurotoxic Afo and P-tau.
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