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ABSTRACT
Protein misfolding diseases are usually associated with deposits of single “key” proteins that somehow drive the pathology; β-amyloid 
and hyperphosphorylated tau accumulate in Alzheimer’s disease, α-synuclein in Parkinson’s disease, or abnormal prion protein (PrPTSE) in 
transmissible spongiform encephalopathies (TSEs or prion diseases). However, in some diseases more than two proteins accumulate in the 
same brain. These diseases might be considered “complex” proteinopathies. We have studied models of TSEs (to explore deposits of PrPTSE 
and of “secondary proteins”) infecting different strains and doses of TSE agent, factors that control incubation period, duration of illness 
and histopathology. Model TSEs allowed us to investigate whether different features of histopathology are independent of PrPTSE or appear 
as a secondary result of PrPTSE. Better understanding the complex proteinopathies may help to explain the wide spectrum of degenerative 
diseases and why some overlap clinically and histopathologically. These studies might also improve diagnosis and eventually even suggest 
new treatments for human neurodegenerative diseases.
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RESUMEN
La acumulación de proteínas con conformación anormal es observada en numerosas enfermedades degenerativas del sistema nervioso. Tales 
enfermedades están generalmente asociadas con el depósito de una proteína que es importante para la patogenia de la enfermedad; amiloide-β 
e hiperfosforilación de tau en la Enfermedad de Alzheimer, α-sinucleína en la Enfermedad de Parkinson, y acúmulo de proteína prion anormal 
(PrPTSE) en las encefalopatías espongiformes transmisibles (EET). Sin embargo, en algunas enfermedades más de dos proteínas se acumulan en 
el sistema nervioso central. Estas enfermedades pueden considerarse “proteinopatías complejas”. Hemos estudiado varios modelos de EET para 
analizar los depósitos de PrPTSE y la posible acumulación de otras proteínas (que podríamos llamar “proteínas secundarias”). La relación entre 
proteínas mal plegadas y neurodegeneración no es claro. La mayor parte de las enfermedades neurodegenerativas evolucionan por décadas; por 
lo tanto los acúmulos proteicos podrían generar diferentes efectos patogénicos en los diferentes estadios de la enfermedad. Alternativamente los 
acúmulos proteicos podrían ser el resultado de alteraciones del sistema nervioso y no su causa. Dado que la etiología de las ETT es relativamente 
bien conocido y es atribuido a infección por agentes autoreplicantes que generan malformacion de la proteína prion normal (la isoforma patologica, 
PrPTSE , propuesta como el agente infeccioso) hemos estudiado varios modelos animales, cepas de agente infectante y dosis del agente causal de 
ETT. Estos factores controlan el período de incubación, duración de la enfermedad e histopatología. Los modelos animales estudiados nos han 
permitido investigar si las diferentes características histopatológicas son independientes de PrPTSE o podrían ser secundarias a la acumulación de 
la misma. Un mejor conocimiento de las proteinopatías complejas podría ayudar a analizar el espectro de enfermedades degenerativas y a su vez, 
investigar el motivo de la superposición clínico-patológico en algunas de ellas. Estos estudios podrían ayudar en el diagnóstico y eventualmente 
sugerir nuevas posibles terapéuticas para las enfermedades neurodegenerativas humanas. 

Palabras-clave: Demencia; proteínas amiloidogénicas; enfermedades por príon.
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Relationships between misfolded proteins and brain dis-
eases remain unclear. Protein aggregates may accumulate 
in the central nervous system for years, probably decades, 
before the onset of overt illness and during the slow progres-
sion of various common neurodegenerative diseases. The 
protein aggregates may produce different pathologic effects 
at different stages of disease1,2. Typical intracellular inclu-
sions or extracellular deposits of proteins are commonly used 
to define specific neurodegenerative diseases. For example: 
β-amyloid (Aβ) plaques and neurofibrillary tangles com-
posed of hyperphosphorylated tau (p-tau) both accumulate 
in Alzheimer’s disease (AD), abnormal prion protein (PrPTSE) 
in transmissible spongiform encephalopathies (TSEs, prion 
diseases), and intracellular deposits of α-synuclein form 
Lewy bodies in Parkinson’s disease (PD)3,4. However, more 
than one protein can interact, modifying the pathogenesis 
of disease by targeting different anatomical areas or altering 
signaling pathways in the brain. For example, the merging of 
Aβ, normal cellular PrP (PrPC) and the nonreceptor tyrosine 
kinase Fyn on lipid rafts may result in synaptotoxicity5. Fyn 
associates with tau, sensitizing synapses to glutamate excito-
toxicity6. These studies led to the hypothesis that the associa-
tion between PrPC and Fyn may couple Aβ and tau patholo-
gies6. Tau and α-synuclein each promote aggregation of the 
other protein7, while Aβ seems to promote hyperphosphor-
ylation of tau by downregulating the insulin signaling path-
way8. Recent studies expanded this concept by showing that 
pre-aggregated Aβ can serve as a template that aggregates 
filamentous tau by cross-seeding9. While the interactions 
of normal endogenous proteins of the central nervous sys-
tem are complex and poorly understood, certain common 
pathways appear to be activated in different neurodegen-
erative diseases10. The neuropathologic analysis of dement-
ing diseases has become increasingly important: (i) clinical 
signs sometimes reflect the neuroanatomical distribution 
of lesions but do not necessarily predict specific histopath-
ologic and biochemical alterations; (ii) development of new 
diagnostic tests and effective therapies require postmortem 
validation; (iii) increased prevalence of dementia in an aging 
population makes it a priority for clinical medicine, health-
care and social support systems as well as for research; and 
(iv) diagnosis of dementing diseases often comes late in the 
course of the disease when brain damage is already severe 
and irreversible so that therapy is likely to offer little or no 
benefit. Taken together, these considerations affirm the need 
to study accessible markers of neurodegeneration in young 
populations and in healthy neurological controls. Clinico-
pathologic and imaging studies have shown that some peo-
ple without dementia have substantial AD pathology in the 
central nervous system11. Recently, Perez-Nievas and col-
leagues found that Aβ plaques and neurofibrillary tangles 
did not always correlate with dementia; they identified glial 
activation as a more likely mediator of neurotoxicity11. In 
conclusion, the study of autopsy cases remains necessary to 

confirm antemortem clinical and neuroimaging diagnosis, to 
define new disease phenotypes, to assess the specificity and 
sensitivity of antemortem diagnostic tests and to evaluate 
the effects of potential therapeutic interventions. However, 
in an era when autopsies are no longer common—even in 
academic settings—ambitious programs to investigate post-
mortem findings in familial and sporadic neurodegenerative 
diseases face obvious challenges not discussed further in 
this review. Fortunately, recent technological advances using 
transgenic animals, proteomics and experimental immuno-
histopathology have allowed development of sophisticated 
experimental models to study neurodegenerative diseases 
associated with protein misfolding12.

ANIMAL MODELS 

Animal models that recapitulate the pathogenesis of the 
human diseases AD, PD, and TSEs are especially needed to 
improve the understanding of chronic neurodegeneration. 
Only one group of human neurodegenerative diseases has 
been convincingly modeled in experimental animals: the 
TSEs or prion diseases13. Human prion diseases are unique 
because they occur in idiopathic (sporadic), familial and 
acquired forms. In humans, the most common TSE is spo-
radic Creutzfeldt-Jakob disease (CJD). Several other prion 
diseases have been described in farmed and wild animals: 
scrapie in sheep and goats, chronic wasting disease in deer 
and other cervids, bovine spongiform encephalopathy 
(BSE) and its feline derivative, transmissible mink enceph-
alopathy and, most recently, a TSE of camels14. Animal 
models of prion diseases have been used to study neuro-
degeneration because they so closely resemble the human 
TSEs, are highly reproducible, and express several informa-
tive phenotypes. No transgenic-mouse model of AD, PD or 
the tauopathies so closely resembles the sporadic human 
neurodegenerative diseases13.

Animals with TSEs develop many neuropathologic hall-
marks of other neurodegenerative diseases, e.g., protein accu-
mulation, synaptic degeneration and neuronal loss, severe 
microgliosis and astrogliosis. Animal models can be precisely 
monitored from the time the agent is inoculated through 
advanced illness, facilitating study of both latent and overt 
phases of disease. We have shown that amyloid plaques con-
taining PrP can form in mouse brains in the absence of infec-
tivity detectable by inoculation of highly susceptible animals, 
suggesting that not all misfolded PrP is infectious in these 
experimental paradigms14,15,16,17. Thus, proteinopathies shar-
ing some similarities to AD and PD occur in brains of mice 
when PrP misfolds. First, we review recent data from experi-
mental TSEs of nonhuman primates and mice; next we sum-
marize data from a recently-reported natural complex pro-
teinopathy of bovines (not caused by BSE or another TSE), 
the first tauopathy described in ruminants18.
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Primates inoculated with classical BSE agent 
(SQ-BSE) develop a vCJD-like disease

All primate tissues examined and described in this 
review were produced in previously-described transmission 
experiments19. All experiments were reviewed and approved by 
the Institutional Animal and Care Committee of the Center for 
Biologics, Evaluation and Research, of the US FDA. We infected 
squirrel monkeys (Saimiri sciureus) with the agent of classical 
bovine spongiform encephalopathy (SQ-BSE). Most animals 
(6/7) inoculated with a low dilution of BSE-infected bovine 
brain (generously provided by Torsten Seuberlich, University 
of Bern, Switzerland) became ill; two to four years later those 
animals developed cognitive and behavioral alterations with 
other neurological signs (tremors, bradykinesia, myoclonus, 
ataxia) typical of prion diseases. At necropsy, the brains from 
all sick monkeys showed pathological changes similar to those 
described in humans with variant Creutzfeldt-Jakob disease 
(vCJD)—a zoonosis transmitted to humans who ate meat or 
meat products from animals with BSE** (**A few cases of vCJD 
were transmitted by transfusion of red blood cells and injections 
of a human plasma product prepared from donations by 
otherwise healthy blood donors presumed to have been silently 
incubating vCJD)19. All sick monkeys showed histopathological 
features typical of spongiform encephalopathy: widespread, 
severe astrogliosis, and accumulations of PrPTSE in the 
cerebrum and cerebellum. There were no “florid” plaques 
(amyloid PrP-containing plaques surrounded by halos of 
vacuoles); such plaques have been a consistent, although not 
specific, feature in brains of patients with vCJD. Interestingly, 
florid plaques have never been observed in brains of cows with 
BSE, showing that the host determines some neuropathologic 
features of a TSE. Western blot analyses of brain homogenates 
from the six monkeys with disease confirmed that they all 
contained proteinase-K resistant PrP (PrPTSE)19,20.

Brains of monkeys with SQ-BSE show severe 
tauopathy and synaptic pathology without Aβ deposits 

Brain tissue sections were probed with a panel of anti-tau 
antibodies (AT8 [Ser202/Thr205], AT100 [Ser212/Thr205], 
AT180 [Thr231], AT270 [Thr181]) that bind to hyperphos-
phorylated tau (p-tau) and with an antibody to four-repeat 
tau isoforms [RD4]). The brains of all six monkeys with neu-
rological signs and histopathology of TSE (Figure A, B, D, E, 
J, K) showed identical tau-positive immunostaining patterns 
with abundant round and rod-shaped aggregates of positive-
staining material (Figure G, H). These lesions did not resem-
ble the typical p-tau deposits seen in AD or tauopathies (i.e., 
neurofibrillary tangles, neuropil threads or diffuse intracy-
toplasmic staining (Table; Figure G, H). Positive tau staining 
was seen in the cerebral cortex, thalamus, hypothalamus, hip-
pocampus, cerebellum and brain stem. The extensive accu-
mulations of p-tau observed in the molecular, Purkinje and 
granule cell layers of the cerebellum were unexpected. This 
finding shows that the cerebellum, (an anatomical region of 

the central nervous system previously considered refractory 
to tau pathology in humans) was targeted in an experimental 
encephalopathy accompanying PrP accumulation. The last 
squirrel monkey to become ill after an incubation period of 
approximately 8 years, SQ-736, showed more severe spongi-
form degeneration, PrPTSE, p-tau and astrogliosis than SQ-735 
(after an incubation period of 3.2 years) inoculated with the 
same dose of BSE agent (Figure). Similar patterns and distri-
bution of PrPTSE and p-tau-containing lesions were seen with 
all anti-PrP and anti-tau antibodies used21. The areas most 
affected were the frontal cortex and thalamus. 

The temporal cortex was spared, showing no spongi-
form degeneration, severe gliosis or PrP deposits; no obvi-
ous accumulation of p-tau was seen. To explore another 
marker of neurodegeneration—the synaptic pathology 
observed in early stages of TSEs and other neurodegenera-
tive diseases22—we probed tissue sections with antibody to 
synaptophysin (Abcam, Cambridge, MA), a component of 
the membrane glycoprotein of synaptic vesicles that serves 
as a marker of presynaptic terminals. Synaptophysin, in the 
form of fine granular and evenly distributed deposits (as seen 
in preserved brain sections), was significantly reduced in 
all brain areas containing protein deposits and astrogliosis 
but remained unaffected in the temporal cortex, confirming 
that neurodegenerative histopathology was not evenly dis-
tributed. The p-tau deposits did not have the morphologic 
features of neurofibrillary tangles, neuropil threads, or dif-
fuse intracytoplasmic tau described in some human patients 
with dementia23. Brain sections from a control animal with-
out prion disease showed no evidence of TSE, and p-tau 
deposits were completely absent (Figure C, F, I, L). Sections 
probed with 4G8 antibody, directed to amino acid residues 
17-24 of β-amyloid (commonly used to detect Aβ in humans 
with AD, in animal models of AD and in nondemented per-
sons with Aβ deposits24,25), showed no immunostaining in 
the brain of any animal with prion disease. Adjacent sections 
treated with Congo red dye showed no congophilia and no 
birefringence under polarized light (confirming the absence 
of amyloid deposits). In short, all monkeys with BSE devel-
oped severe spongiform encephalopathy with parenchymal 
accumulations of PrPTSE and p-tau in the cerebrum, cerebel-
lum and brain stem. The areas most severely affected were 
the frontal cortex and thalamus, but no amyloid protein of 
any kind was observed in any of these animals. 

Accumulation of α-synuclein and ubiquitin in SQ-BSE
To complete the neuropathologic characterization of 

SQ-BSE, we probed brain sections with antibodies to apolipo-
protein-E, a risk factor for late-onset AD (also influencing Aβ 
and tau formation), to α-synuclein (present in Lewy bodies in 
PD), ubiquitin (a major component of the proteolytic quality 
control system), and synaptophysin (see above). In addition, 
we examined formalin-fixed samples of spleen, liver and kid-
ney21. Analysis of adjacent brain tissue sections showed that 
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PrPTSE (mostly as coarse pericellular aggregates), p-tau (rod-
shaped), α-synuclein (small punctate) and ubiquitin (small 
punctate) were deposited mainly in the neuropil of areas with 
severe spongiform degeneration; deposits were also promi-
nent at the periphery of vacuoles; no PrPTSE was observed in 
peripheral organs21. The brains of all six monkeys contained 
more PrPTSE than p-tau or α-synuclein. Similar observations in 
human cases and in some other animal models have led others 
to suggest that the dose-dependent toxicity triggered by PrPTSE 
might be the primary cause of neurodegeneration26. Further 
studies will be needed to explore a possible role for other fac-
tors, such as inflammation, in TSE pathogenesis. 

P-tau in rodents with PrP accumulation
To explore further the association between p-tau and PrP 

while eliminating the potential confounding effects of aging, 
unrelated diseases, drug treatment, agonal changes and 

postmortem delay inevitable in human autopsy cases and to 
expand the study from nonhuman primates to small animals, 
we analyzed several murine models. All rodent tissues exam-
ined and described in this review were produced in previous 
transmission experiments27,28,29,30,31 performed under licence 
from the UK Home Office in accordance with the Animals 
(Scientific Procedures) Act 1986. The severe tauopathy seen 
in squirrel monkeys infected with classical SQ-BSE19 led us to 
study a line of transgenic mice from which the murine PRNP 
gene was deleted and then engineered to express a bovine PrP 
with a six-octapeptide repeat region (“bovinized knock-in” B6 
mice)28; we analyzed B6 mice intracerebrally inoculated with 
classical BSE agent from a bovine brain and also analyzed B6 
mice inoculated with brain suspensions from cattle with two 
atypical forms of BSE: “heavy” or H-type BSE and bovine amy-
loidogenic spongiform encephalopathy (also called “light” 
or L-type BSE)29. To study possible correlation between PrP 

Figure. Squirrel monkeys (SQ) inoculated with classical BSE (SQ-BSE) develop TSE and a complex proteinopathy . (A, D, G, J) SQ-BSE 735 
with incubation period of 3.2 years;  (B, E, H, K) SQ-736 with incubation period 8.1 years;  (C, F, I, L) SQ-718 (control) with no TSE confirmed 
neuropathologically. Moderate (A) and severe (B) spongiform degeneration, brain tissue sections stained with hematoxylin-eosin 
(HE). Moderate (D) and severe (E) PrPTSE accumulation in the neuropil. Moderate (G) and severe (H) p-tau immunopositivity in adjacent 
sections of the frontal cortex. Moderate (J) and severe (K) astrogliosis in the same region of the neocortex. (C, F, I, L) No spongiform 
degeneration, PrPTSE, p-tau or astrogliosis are seen in the frontal cortex of SQ without TSE. (A-C) HE; (D-F) PrP (antibody 6H4); (G-I) p-tau 
(antibody AT8); and anti-glial fibrillary acidic protein antibody (J-L). All panels 40x magnification. 
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amyloid and p-tau, we used the following models: (i) wild-
type (Wt) VM mice (an inbred Wt line of mice with known 
susceptibility to scrapie) inoculated intracerebrally with 87V 
mouse-adapted scrapie agent (87V-VM)30,32; (ii) transgenic 
mice overexpressing mutant PrP-101L (equivalent to a muta-
tion found in Gerstamann-Sträussler-Scheinker disease, GSS-
22) that spontaneously develop a severe spongiform degenera-
tion with abundant diffuse and amyloid PrP deposits in most 
areas of the central nervous system17,27; and (iii) knock-in mice 
expressing a murine mutant PrP (101LL, corresponding to 
human PRNP P102L) inoculated with recombinant wild-type 
PrP (recWt-PrP) or recombinant mutant PrP (recPrP-101L) 
fibrils33. To study p-tau accumulation in animals with large 
amounts of widespread diffuse nonamyloid PrPTSE deposits, 
we inoculated Wt C57BL mice with ME7 mouse-adapted scra-
pie agent (ME7-C57BL)30. Uninoculated mice of the same types 
described above served as normal controls. 

Similar tauopathy seen in PrP-bovinized mice 
infected with agents from typical and atypical 
forms of BSE

Similar patterns and distribution of p-tau were seen in 
brains of B6 mice inoculated with BSE agents of all three 
types: classical, H-type, and L-type31. The largest amounts 
of p-tau were observed in the brains of B6 mice inoculated 
with L-BSE agent. In the brains of mice inoculated with BSE 
agents all three types, the cerebral cortex was consistently 
affected. Confocal microscopic images of isolated p-tau 
deposits showed that PrPTSE co-localized with p-tau; Imaris 
3D reconstruction confirmed that observation and revealed 
p-tau deposited throughout PrP plaques in classical BSE and 
H-type BSE as well. No p-tau was detected in brain sections 
of uninoculated age-matched control B6 mice probed with 
anti-tau antibodies (AT8 or Thr231) or in BSE-infected B6 
mice incubated without primary antibody. In short, p-tau 
accumulated widely in the brains of B6 mice infected with 
both typical and atypical BSE agents31 (Table) in the same 
places as PrPTSE deposits.

P-tau in wild-type mice inoculated with 
mouse-adapted ME7 and 87V scrapie agents

The strains ME7 and 87V are mouse-passaged scra-
pie agents that elicit disease after very different incubation 
periods: 160 days for ME7 in C57BL mice and 320 days for 
87V in VM mice. The two models also have distinct histopa-
thologies30. The brains of terminally ill C57BL mice infected 
with ME7 scrapie showed severe gliosis and accumulated 
large amounts of diffusely distributed PrPTSE with only small 
numbers of amyloid plaques. In contrast, the brains of VM 
mice infected with 87V scrapie contained abundant amyloid 
plaques and both coarse and fine-punctate deposits of PrPTSE. 
Brains of terminally ill C57BL mice infected with ME7 scrapie 
contained small amounts of p-tau in most areas with spongi-
form degeneration31. The brains of terminally ill VM Wt mice 

infected with 87V scrapie contained deposits of p-tau within 
and adjacent to the margins of PrPTSE amyloid plaques; 
p-tau was also observed in the same regions where diffuse 
nonamyloid PrPTSE deposits occurred31 (Table). Confocal and 
Imaris 3D reconstruction of double-labeled sections showed 
that p-tau colocalized with PrPTSE aggregates throughout the 
plaques in both 87V/VM and ME7/C57 models. In short, two 
mouse-adapted scrapie strains elicited widespread formation 
of p-tau in multiple brain areas in two lines of inbred Wt 
mice; 87V scrapie infection of VM mice induced the largest 
amounts of p-tau in the cerebral cortex, deposited in the 
same areas containing PrP-amyloid. In a time course study, 
PrPTSE deposits in the brain preceded the appearance of p-tau 
in both animal models. Others have reported similar results26. 

Over expression of mutant PrP and 
neurodegeneration in mouse brains was not 
accompanied by accumulation of p-tau 

Mice overexpressing PrP-P101L (GSS-22 mice)27 have 
spontaneously developed severe spongiform degeneration 
accompanied by large numbers of PrP amyloid plaques 
and widespread gliosis in the brain. Although GSS-22 mice 
expressed a neurological disease with all the hallmarks of a 
spongiform encephalopathy, suspensions of their brains have 
not transmitted prion disease to either Wt or 101LL mice 
and therefore appear to be devoid of infectivity. The GSS-22 
mice provide a model to study possible correlations between 
PrP aggregates and p-tau in animals that express mutant PrP 
throughout their lifespan but are not exposed to the trauma of 
intracerebral inoculation and do not develop a transmissible 
disease. We observed that, despite the severe spongiform 

Table. Neuropathologic characterization of rodents and 
bovines with tauopathy.

IP 
(days) p-tau SD PrPTSE α-syn Ub Aβ

Bov6.H.BSE 590 + + + NA NA NA

Bov6.C.BSE 540 + + + NA NA NA

Bov6.BASE 635 + + + NA NA NA

87V/VM 320 + + + NA NA NA

ME7/C57 160 + + + NA NA NA

GSS22 198 _(#1) + + NA NA NA

101LLrec.PrP-101LL NA _ _ + NA NA NA

101LL rec.PrP-Wt NA _ _ + NA NA NA

IBNC NA + + + + + _

SQ-BSE 870-
2960 + + + + + _

IP: incubation period; p-tau: hyperphosphorylated tau detection by 
immunohistochemistry (IHC) with antibody AT8 (epitope human tau protein 
Ser202/Thr205); SD: spongiform degeneration; α-syn: α-synuclein detection 
by IHC (immunogen recombinant human α-synuclein); Ub: ubiquitin 
detection by IHC with antibody Ubiquitin-1 (raised against purified ubiquitin 
conjugated with glutaraldehyde to keyhole limpet hemocyanin). (#1) Minimal 
p-tau immunopositive deposits were observed in one animal.
H.BSE: heavy (H-type) bovine spongiform encephalopathy (BSE); C.BSE: 
classical BSE; BASE: bovine amyloidogenic spongiform encephalopathy 
(light, or L-type BSE); IBNC: idiopathic brainstem neuronal chromatolysis; 
SQ-BSE: squirrel monkey classical BSE
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degeneration and accumulation of large PrP plaques in their 
brains at terminal disease, these animals had almost no p-tau 
in any brain areas (Table). Confocal microscopy confirmed 
this unexpected finding. Similar results were obtained in 
sections probed with either of two antibodies to p-tau: AT8 
and Thr231. In short, we observed almost no p-tau in any 
brain areas at terminal disease.

Brains of animals inoculated with recombinant PrP 
accumulated PrP-amyloid without detectable p-tau

To develop a model of seeded PrP proteinopathy, we 
inoculated synthetic PrP amyloid fibrils into PRNP-knock-in 
mice homozygous for a proline-to-leucine mutation at PrP 
codon 101 (101LL mice); the amyloid fibrils were composed 
of either wild-type recombinant PrP (recWt-PrP) or mutant 
recombinant PrP (rec101L-PrP)33. The inoculated 101LL mice 
developed no overt signs of prion disease, no histopathological 
spongiform degeneration of the brain, and had no replication 
of infectivity as evidenced by failure to transmit any illness 
(overt or histopathological) to 101LL mice; the inoculated 
101LL mice did, however, accumulate large PrP amyloid 
plaques in and adjacent to the area of inoculation (in corpus 
callosum and hippocampus), but no p-tau was detectable by 
immunolabeling with anti-tau antibodies AT8 and Thr23131 
(Table). This model is important because it eliminated 
possible artifacts resulting from (i) overexpression of PrP 
(since PrP expression levels were normal), (ii) pathology 
resulting from a replicating infectious agent (because there 
was no demonstrable prion-related infectivity), or (iii) damage 
from spongiform encephalopathy (which was absent). In 
addition, because we injected only synthetic recombinant 
PrP, there could be no effect—enhancing or inhibiting—
on formation of p-tau by any of the other molecules that 
inevitably “contaminate” extracts of human or animal brains. 
In short, although we found that p-tau co-localized with 
PrPTSE amyloid plaques in the brains of 87V-VM mice infected 
with a scrapie agent absence of p-tau in the brains of 101LL 
mice inoculated with recombinant PrP fibrils shows that PrP 
amyloidogenesis alone does not invariably lead to formation 
of p-tau in the brain.

Natural tauopathy in ruminants
Idiopathic brainstem neuronal chromatolysis (IBNC) 

is a neurological disease first recognized in 1986 in the UK 
among some adult cattle slaughtered because of suspected 
BSE18. The clinical presentation of IBNC includes behavioral 
and locomotor changes18. This disorder is characterized 
neuropathologically by neuronal chromatolysis and 
degeneration in the brainstem plus hippocampal sclerosis 
and spongiform changes in the gray matter of the cerebrum18. 
Investigations of possible causes of IBNC included testing for 
viruses and for deficiencies in vitamins, trace elements and 
minerals; all results were negative. Abnormal PrP was detected 
in the brains of several IBNC cases18; however, IBNC was not 

successfully transmitted to transgenic mice expressing a bovine 
PrP gene18. Recently, we performed an immunohistochemical 
analysis of brains from 15 bovines with IBNC, looking for 
accumulations of several important proteins34. Brain sections 
from all animals, probed with six different anti-tau antibodies 
directed against hyperphosphorylated serine or threonine 
phospho-epitopes, showed positive staining of astroglia in gray 
and white matter, dendrites and neuronal cell bodies (Table). 
The most intense p-tau staining was seen in cases with severe 
spongiform degeneration; however, p-tau was not observed in 
chromatolytic neurons. P-tau was detected in the cerebrum, 
gray matter nuclei of the neuroaxis, and cerebellum. P-tau-
positive structures also contained ubiquitin and α-synuclein 
but not Aβ peptide. Alpha-synuclein labeling was conspicuous 
in the dentate gyrus and surrounding dendrites of the 
substantia nigra, globus pallidus and entorhinal cortex. It has 
been proposed that the pattern of α-synuclein accumulation 
in IBNC resembles that occurring secondary to synaptic 
loss in human brains, rather than resulting from a primary 
accumulation of abnormal α-synuclein34. Punctate staining 
of ubiquitin was also seen, mostly in the cerebral cortex, 
hippocampus, thalamus, white matter and brain stem, largely 
in the same areas with hyperphosphorylated tau deposits. 
The brains of age-matched control cattle were negative when 
stained with antibodies against all the proteins studied. In 
conclusion, the neuropathology of IBNC did not correspond 
to any complex proteinopathy described in humans. 
While the etiology of IBNC remains unknown, results of 
epidemiological and experimental studies so far suggest that 
it is unlikely to result from an infection. Environmental factors, 
including exposure of cattle to agricultural chemicals, should 
be investigated.

Conclusion
In the experimental models described above (SQ-BSE, 

B6-BSE, ME7/C57, 87V/VM) complex protein aggregates 
containing both PrPTSE and p-tau were evident when disease 
was transmitted to susceptible recipient animals and serially 
passaged (i.e., was confirmed to have an infectious mecha-
nism). In contrast, in the other animal models, p-tau was 
never observed in animal brains containing misfolded PrP 
when no infectious agent was detected (rec101LL, rec101Wt). 
Therefore, it is evident that p-tau accumulated only in brains 
containing both misfolded PrP and infectivity and not in 
brains with misfolded PrP alone. One possible explanation is 
that replication of infectivity plus host factors together elicit 
the formation, deposition and aggregation of heterogeneous 
protein, including p-tau, in the brain.

In aged cattle, IBNC is characterized by widespread 
deposits of p-tau in most areas of the brain, the rare example 
of a naturally-occurring tauopathy in a nonprimate species. 
Idiopathic brainstem neuronal chromatolysis is the first 
tauopathy of ruminants in which α-synuclein and ubiquitin 
also accumulate. While the etiology of IBNC is unknown, 



711Piccardo P and Asher DM. Complex proteinopathies and neurodegeneration

References

1. Ballatore C, Lee VM, Trojanowski JQ. Tau-mediated neurodegeneration 
in Alzheimer’s disease and related disorders. Nat Rev Neurosci. 2007 
Sep;8(9):663-72. https://doi.org/10.1038/nrn2194  

2. Kirby L, Agarwal S, Graham JF, Goldmann W, Gill AC. Inverse 
correlation of thermal lability and conversion efficiency for five 
prion protein polymorphic variants. Biochem. 2010;(49):1448-59. 
https://doi.org/10.1021/bi901855z

3. Prusiner SB. Novel proteinaceous infectious particles 
cause scrapie. Science. 1982 Apr;216(4542):136-44. 
https://doi.org/10.1126/science.6801762  

4. Vlad C, Iurascu MI, Slamnoiu S, Hengerer B, Przybylski M. Characterization 
of oligomerization-aggregation products of neurodegenerative 
target proteins by ion mobility mass spectrometry. Methods Mol Biol. 
2012;896:399-412. https://doi.org/10.1007/978-1-4614-3704-8_27

5. Brody AH, Strittmatter SM. Synaptotoxic signaling by 
amyloid beta oligomers in Alzheimer’s disease through prion 
protein and mGluR5. Adv Pharmacol. 2018;82(82):293-323. 
https://doi.org/10.1016/bs.apha.2017.09.007  

6. Um JW, Nygaard HB, Heiss JK, Kostylev MA, Stagi M, Vortmeyer 
A et al. Alzheimer amyloid-β oligomer bound to postsynaptic 
prion protein activates Fyn to impair neurons. Nat Neurosci. 2012 
Sep;15(9):1227-35. https://doi.org/10.1038/nn.3178  

7. Giasson BI, Forman MS, Higuchi M, Golbe LI, Graves CL, 
Kotzbauer PT et al. Initiation and synergistic fibrillization of 
tau and alpha-synuclein. Science. 2003 Apr;300(5619):636-40. 
https://doi.org/10.1126/science.1082324  

8. Tokutake T, Kasuga K, Yajima R, Sekine Y, Tezuka T, Nishizawa M 
et al. Hyperphosphorylation of Tau induced by naturally secreted 
amyloid-β at nanomolar concentrations is modulated by insulin-
dependent Akt-GSK3β signaling pathway. J Biol Chem. 2012 
Oct;287(42):35222-33. https://doi.org/10.1074/jbc.M112.348300  

9. Vasconcelos B, Stancu IC, Buist A, Bird M, Wang P, Vanoosthuyse 
A et al. Heterotypic seeding of Tau fibrillization by pre-aggregated 
Abeta provides potent seeds for prion-like seeding and propagation 
of Tau-pathology in vivo. Acta Neuropathol. 2016 Apr;131(4):549-69. 
https://doi.org/10.1007/s00401-015-1525-x  

10. Habib R, Noureen N, Nadeem N. Decoding common features of 
neurodegenerative disorders: from differentially expressed genes to 
pathways. Curr Genomics. 2018 May;19(4):300-12. https://doi.org/10.
2174/1389202918666171005100549  

11. Perez-Nievas BG, Stein TD, Tai HC, Dols-Icardo O, Scotton TC, 
Barroeta-Espar I et al. Dissecting phenotypic traits linked to human 
resilience to Alzheimer’s pathology. Brain. 2013 Aug;136(Pt 8):2510-26. 
https://doi.org/10.1093/brain/awt171  

12. Diack AB, Alibhai JD, Barron R, Bradford B, Piccardo P, 
Manson JC. (Review). Insights into mechanisms of chronic 
neurodegeneration. Int J Mol Sci. 2016 Jan;17(1):pii.E82. 
https://doi.org/10.3390/ijms17010082

13. De Lucia C, Rinchon A, Olmos-Alonso A, Riecken K, Fehse B, Boche D 
et al. Microglia regulate hippocampal neurogenesis during chronic 
neurodegeneration. Brain Behav Immun. 2016 Jul;55(55):179-90. 
https://doi.org/10.1016/j.bbi.2015.11.001

14. Babelhadj B, Di Bari MA, Pirisinu L, Chiappini B, Gaouar SB, Riccardi 
G et al. Prion disease in dromedary camels, Algeria. Emerg Infect Dis. 
2018 Jun;24(6):1029-36. https://doi.org/10.3201/eid2406.172007

15. Chiesa R, Piccardo P, Quaglio E, Drisaldi B, Si-Hoe SL, Takao M, 
Ghetti B, Harris DA. Molecular distinction between pathogenic and 
infectious forms of the prion protein. J Virol. 2003;77(13):7611-22. 
https://doi.org/10.1128/JVI.77.13.7611-7622.2003

16. Piccardo P, Manson JC, King D, Ghetti B, Barron RM. Accumulation of 
prion protein in the brain that is not associated with transmissible 
disease. Proc Natl Acad Sci USA. 2007 Mar;104(11):4712-7. 
https://doi.org/10.1073/pnas.0609241104

17. Piccardo P, King D, Telling G, Manson JC, Barron RM. Dissociation 
of prion protein amyloid seeding from transmission of a 
spongiform encephalopathy. J Virol. 2013 Nov;87(22):12349-56. 
https://doi.org/10.1128/JVI.00673-13  

18. Jeffrey M, Perez BB, Martin S, Terry L, González L. Idiopathic 
Brainstem Neuronal Chromatolysis (IBNC): a novel prion protein 
related disorder of cattle? BMC Vet Res. 2008 Sep;4(1):38. https://
doi.org/10.1186/1746-6148-4-38  

19. Piccardo P, Cervenakova L, Vasilyeva I, Yakovleva O, Bacik I, 
Cervenak J et al. Candidate cell substrates, vaccine production, 
and transmissible spongiform encephalopathies. Emerg Infect Dis. 
2011;(17):2262-9. https://doi.org/10.3201/eid1712.110607

20. Piccardo P, Cervenak J, Yakovleva O, Gregori L, Pomeroy K, 
Cook A et al. Squirrel monkeys (Saimiri sciureus) infected 
with the agent of bovine spongiform encephalopathy 
develop tau pathology. J Comp Pathol. 2012 Jul;147(1):84-93. 
https://doi.org/10.1016/j.jcpa.2011.09.004

its occurrence in several breeds of cattle argues against 
a genetic etiology. This disease has not been transmitted 
experimentally (M. Stack, personal communication)34, 
leading to a preliminary conclusion that environmental 
exposures are more likely than infection to cause IBNC.

Several age-related neurodegenerative diseases are 
associated with the accumulation of specific proteins in 
the nervous system. Protein aggregates clearly induce the 
misfolding of similar proteins to form characteristic lesions. The 
apparent simplicity of this molecular process and consistency 
in histopathology contrast dramatically with the remarkable 
clinical-pathological heterogeneity seen in patients with 
Alzheimer’s, Parkinson’s, and prion diseases. New data suggest 
that this variability may be mediated by the formation of diverse 
protein architectures referred to as “proteopathic strains”35. In 
turn, such proteopathic strains could be influenced by genetic, 
cellular/post-translational and environmental factors. We and 

others suspect that the genesis of complex proteinopathies 
may also involve participation of other molecules (e.g., heparan 
sulfate proteoglycan31,36). Transcellular propagation of protein 
aggregates has been proposed to mediate neurodegeneration. 
Glycosaminoglycans are required for cellular uptake of tau, 
α-synuclein and β-amyloid proteins. Stopschinski et al. 
recently reported considerable specificity for interaction of 
aggregated tau protein with glycosaminoglycans, while the 
interaction of α-synuclein and β-amyloid is less stringent36. 
These findings might explain some of the phenotypic 
heterogeneity so characteristic of the histopathology in the 
brains of humans with age-related neurodegenerative diseases. 
A better understanding of these factors and their interactions 
should improve our knowledge of disease processes, lead to 
development of new diagnostic methods, and even suggest 
new targets for therapy. Continued study of animal models will 
support those efforts.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sulfate
https://www.sciencedirect.com/topics/medicine-and-dentistry/proteoglycans


712 Arq Neuropsiquiatr. 2018;76(10):705-712

21. Piccardo P, Cervenak J, Bu M, Miller L, Asher DM. Complex 
proteinopathy with accumulations of prion protein, 
hyperphosphorylated tau, α-synuclein and ubiquitin in experimental 
bovine spongiform encephalopathy of monkeys. J Gen Virol. 2014 
Jul;95(Pt 7):1612-8. https://doi.org/10.1099/vir.0.062083-0

22. Shankar GM, Walsh DM. Alzheimer’s disease: synaptic 
dysfunction and Abeta. Mol Neurodegener. 2009 Nov;4(23):48. 
https://doi.org/10.1186/1750-1326-4-48  

23. Kovacs GG. Invited review: Neuropathology of tauopathies: 
principles and practice [Review]. Neuropathol Appl Neurobiol. 2015 
Feb;41(1):3-23. https://doi.org/10.1111/nan.12208  

24. Bancher C, Grundke-Iqbal I, Iqbal K, Kim KS, Wisniewski HM. 
Immunoreactivity of neuronal lipofuscin with monoclonal 
antibodies to the amyloid beta-protein. Neurobiol Aging. 1989 Mar-
Apr;10(2):125-32. https://doi.org/10.1016/0197-4580(89)90021-3  

25. Delaère P, Duyckaerts C, Masters C, Beyreuther K, Piette F, Hauw 
JJ. Large amounts of neocortical beta A4 deposits without 
neuritic plaques nor tangles in a psychometrically assessed, 
non-demented person. Neurosci Lett. 1990 Aug;116(1-2):87-93. 
https://doi.org/10.1016/0304-3940(90)90391-L

26. Reiniger L, Lukic A, Linehan J, Rudge P, Collinge J, Mead S et al. Tau, 
prions and Aβ: the triad of neurodegeneration. Acta Neuropathol. 
2011 Jan;121(1):5-20. https://doi.org/10.1007/s00401-010-0691-0

27. Nazor KE, Kuhn F, Seward T, Green M, Zwald D, Pürro M et al. 
Immunodetection of disease-associated mutant PrP, which 
accelerates disease in GSS transgenic mice. EMBO J. 2005 
Jul;24(13):2472-80. https://doi.org/10.1038/sj.emboj.7600717  

28. Bishop MT, Hart P, Aitchison L, Baybutt HN, Plinston C, Thomson V 
et al. Predicting susceptibility and incubation time of human-to-
human transmission of vCJD. Lancet Neurol. 2006 May;5(5):393-8. 
https://doi.org/10.1016/S1474-4422(06)70413-6  

29. Wilson R, Hart P, Piccardo P, Hunter N, Casalone C, Baron T et al. Bovine 
PrP expression levels in transgenic mice influence transmission 
characteristics of atypical bovine spongiform encephalopathy. J Gen 
Virol. 2012 May;93(Pt 5):1132-40. https://doi.org/10.1099/vir.0.040030-0

30. Bruce ME, McBride PA, Farquhar CF. Precise targeting of 
the pathology of the sialoglycoprotein, PrP, and vacuolar 
degeneration in mouse scrapie. Neurosci Lett. 1989 Jul;102(1):1-6. 
https://doi.org/10.1016/0304-3940(89)90298-X  

31. Piccardo P, King D, Brown D, Barron RM. Variable tau accumulation 
in murine models with abnormal prion protein deposits. J Neurol Sci. 
2017 Dec;383(383):142-50. https://doi.org/10.1016/j.jns.2017.10.040

32. Jeffrey M, Goodsir CM, Bruce ME, McBride PA, Farquhar C. 
Morphogenesis of amyloid plaques in 87V murine scrapie. 
Neuropathol Appl Neurobiol. 1994 Dec;20(6):535-42. 
https://doi.org/10.1111/j.1365-2990.1994.tb01007.x  

33. Barron RM, King D, Jeffrey M, McGovern G, Agarwal S, Gill 
AC et al. PrP aggregation can be seeded by pre-formed 
recombinant PrP amyloid fibrils without the replication of 
infectious prions. Acta Neuropathol. 2016 Oct;132(4):611-24. 
https://doi.org/10.1007/s00401-016-1594-5

34. Jeffrey M, Piccardo P, Ritchie DL, Ironside JW, Green AJ, McGovern G. A 
naturally occurring bovine tauopathy is widespread in the UK. PLoS One. 
2015 Jun;10(6):e0129499. https://doi.org/10.1371/journal.pone.0129499

35. Walker L. Proteopathic strains and the heterogeneity of 
neurodegenerative diseases. Ann Rev Gen. 2016(50):329-46. 
https://doi.org/10.1146/annurev-genet-120215-034943

36. Stopschinski BE, Holmes BB, Miller GM, Manon VA, Vaquer-Alicea J, 
Prueitt WL et al. Specific glycosaminoglycan chain length and 
sulfation patterns are required for cell uptake of tau vs α-synuclein 
and β-amyloid aggregates. J Biol Chem. 2018 Jul;299(27):10826-40. 
htps://doi.org/10.1074/jbc.RA117.000378


