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Prion pathogenesis

Sciatic nerve inoculation

 Can cause disease
. . Journal of the Neurological Sciences, 1983, 61: 315-325 315
bypassing the requirement s
for extraneural prion

repllCathn PATHOGENESIS OF MOUSE SCRAPIE
. Evidence for Direct Neural Spread of Infection to the CNS after Injection of

* Rate of prion spread was 1-  sciuic Nerve
2 m m per d a.y, CO nSISte nt Wlth R.H. KIMBERLIN!, SUSAN M. HALI? and CAROL A. WALKER?
YARC and MRC N h is Unit, West Mains Road, Edinburgh, 9 3JF; %D A
slow axonal transport. T e o, Edtaburgh, KT 31T ‘Dapartment of Anaioy,
Newbury, RG16 ONN (Great Britain)
 Prion titers in PNS were

lower than CNS or LRS.



Alyssa Block Benjamin Steadman

HY TME 139H DY TME

Cerebral 5813 (5/5)

6743 (5/5)

12343 (5/5)
188+3 (5/5)

179+3 (5/5)

Sciatic nerve 235x3 (5/5)

Peritoneal 101+£3 (5/5) 225+£3 (5/5) >650 (0/5)
4_
250-
e UN
i ®
B ] " 139H e
- HaMSP s
5 o
o 150+ T - — #
S : T O 24 *
E s ﬁ S Sy :Ié: ‘
2 100- o
B 1-
71— RO — - —
0 50 100 150
Days post inoculation (dpi) 0

HY DY 139H

PMCA tenfold serial dilutions

Bessen and Marsh, 1994; Ayers et al., 2011; Langenfeld et al., 2016; Block et al., 2021, Steadman et al., 2024

Prion pathogenesis

Sciatic nerve inoculation

TABLE 3. Brain distribution of PrP™E in HY and
DY TME-infected hamsters

HY TME DY TME
Brain region
Diffuse® Plaque Diffuse Plaque
Hippocampus
Dentate gyrus
Granule layer 0 0 0 0
Polymorphic layer ++ ++ +++ 0
Molecular layer 0 0 ++ 0
Corpus callosum 0 + 0 +++
Occipital cortex” ++ ++ +++ 0
Medial geniculate nucleus ++++ 0 0 0
Cerebellum
Granule layer ++ + ++ 4+ +
Purkinje layer 0 + 0 0
Molecular layer 0 ++ ++ +
White matter 0 ++ 0 ++++
Deep nuclei ++++ ++ 0 +

2 A scoring system was used to map the brain distribution of PrPT™E, The
following symbols were used to describe the observed frequency and intensity of
PrpT™E immunostaining: 0, none; +, rare; ++, mild; +++, moderate; ++++,
heavy.

& HY PrP™E staining was located primarily in the middle cortical layers, while
DY PrP™E staining was distributed in all cortical layers.
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Sciatic nerve inoculation — Strain specific pathogenesis
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Sciatic nerve inoculation — Strain specific pathogenesis
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« PrP>c first detected in dorsal root ganglion
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Sciatic nerve inoculation — Strain specific pathogenesis
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Summary of PrP>¢ processed and analyzed tissue

3 infected and 2 mock infected per time point
 Size of brain ~ 9600um

« Cutat 7um ( total of ~1400 sections)
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« PrPSc|HC on every 10t slide.
— Adjacent sections H&E and Nissl stained

« Maximum distance of 126um between PrP>¢ IHC
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Sciatic nerve inoculation — Strain specific pathogenesis
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Sciatic nerve inoculation — Strain specific pathogenesis /jj {

5 CERR

HY TME AL e

— ——— Corticospinal | |
| PrP |mmudncsta|nltrflfat :pdl::atcd no. of tract -----f'-------------------'-"}
CNS region ays postinfection ‘, | :
21 28 35 42 49 56 f L RN

Medulla: pons
Reticular formation 0o 0 + ++ +++ +++
Lateral vestibular nucleus” 0 +° ++ +++ ++++ ++++

Cerebellum Rubrospinal
Interposed nucleus” 0o 0 + ++ +++ +++ tract

Mesencephalon
Red nucleus” 0 +4 +4 ++ +++ +++

Diencephalon . .
Reticular thalamic nucleus® 0 0 0 49 +4+4 444 Vestibulospinal
Ventroposterior thalamic 0 0 0 0 ++4 e tract

nucleus”

Telencephalon Reticulospinal
Hind limb cortex” 0 0 0 0 ++4 +++ tract
 Relative intensities of PrP5¢ immunostaining: 0, none; +, rare; ++, weak;

+++, moderate; +++ 4, heavy.
b Structure was previously reported to be PrPS¢ positive (2).
© Asymmetrical staining pattern ipsilateral to inoculation site.
4 Asymmetrical staining pattern contralateral to inoculation site. e
¢ PrP%¢ was detected in one of three animals examined. Ventral motor
neuron

Sciatic nerve

Bartz et al., 2002; 2007; Ayers et al., 2009; Langenfeld et al., 2016
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Sciatic nerve inoculation — Strain specific pathogenesis {i

Corticospinal |

« HY TME, DY TME and 139H prions infect el ™ ] _
VMNs ipsilateral to the side of inoculation and (R 8 ) &,5
are transported via the same 4 descending W)
motor tracts. rubrospnal | e |

« The temporal and spatial spread of PrP=¢ tract """ SRR P
differed between the strains as a function of | et
days post infection. N X

» The temporal and spatial spread of PrPSc was Y et ey 7.) ------
similar when represented as a percentage of N <
the incubation period. tract

Sciatic nerve

Bartz et al., 2002; 2007; Ayers et al., 2009; Langenfeld et al., 2016



Prion pathogenesis

Sciatic nerve inoculation

Table 2 Spatiotemporal distribution and abundance of G85R-
SODI:YFP inclusion pathology following sciatic nerve inoculation
with G85R-SOD1:YFP homogenate

I month 2 month-asym 2 month-sym End-stage

Prion-like propagation of mutant SOD1 misfolding and motor =
pinal cor

neuron disease spread along neuroanatomical pathways F - . .
Thoracic - + ++ 44
Jacob I. Ayers' - Susan E. Fromholt! - Veronica M. O’Neal' - Jeffrey H. Diamond! - Cervical - + + +++
David R. Borchelt!* Brain
Ret. Form. - + 4+ 44+
Lat. Vest. Nuc. - + + ++
“In addition, a spatiotemporal study of these injections revealed a - : . 5
. = 5 criaq. gray - -
predictable spread of pathology to brain regions whose axons synapse Soe . . .

directly on ventral motor neurons in the spinal cord, strongly supporting Mot. Cx. - - - -
axonal transport as a mechanism of spread of the aS inducing, or

. ’ TABLE 1 Spatiotemporal distribution and abundance of aS pathology in M83*/~ mice
Seedlng, factor following sciatic nerve inoculation with mouse WT aS fibs

Relative abundance of aS inclusion pathology®

Body site 1 mo p.i. 2 mo p.i. Clinical (3.9 = 0.1 mo p.i.)
. . ] . DRG
Localized Induction of Wild-Type and Mutant Alpha-Synuclein eiateal . s s
. 5 . Contralateral — — +
Aggregation Reveals Propagation along Neuroanatomical .
pinal cor
Lumbar + ++ +++
TraCtS Thoracic — + +++
Cervical — — +++
Jacob I. Ayers,? Cara J. Riffe,® Zachary A. Sorrentino,® Jeffrey Diamond,® Eric Fagerli,> Mieu Brooks,® Ahmad Galaleldeen,®< Brain -
P. John Hart,c'd Benoit |. Giasson? Reticular formation — ++ +++
Lateral vestibular nucleus — — ++
Red nucleus — + +++
PAG - + +++
Motor cortex - — +

a—, none; +, rare; +-+, numerous; ++ +, abundant and widespread.



Prion pathogenesis

Sciatic nerve inoculation — Strain specific pathogenesis

« Strain-specific differences in PrP>¢ deposition
patterns in neurons

« DY characterized by PrP>¢ deposition in dendritic

) . : DY TME-BE12 ~ ~ = DY TME POMS
arborization. DR R =
PrpP* PrpP*
Incubation amplifcation  conformational
period rate stability
Strain (days) (Amp. Co.) (Gdn-HCI/SDS) PrP* truncation profile 20 A e,
N S_B4 BEZ Pﬂvﬁ 3:4 Eﬁt Bﬁl F‘O_M19 c @ ~ :
~ Neuropil
s Short Fast High ~ Neuronal somata |
@ (<65) (2-20) (21.15/20.78)
HY TME | Microglia |
8B4 BE12 POM3 3F4 6H4 8H4 POM19
22AH T T T T Neuropil ©
22CH Long Slow Low
139H (>135) (0.02) (£1.02/<0.53)
ME7H | Microglia |
N iEA BEZ Pﬂdii 1£4 Bﬁt 8&4 PO_M19
Long Slow Low W SRR
DY TME #] HY TME - POM1S -
(170) (0.02) (0.43/0.53)

| Microglia |
Ayers et al., 2011




Prion R_atho_genesis

Sciatic nerve inocu

Ventral Lateral Hind limb
motor vestibular Red motor
neuron nucleus nucleus cortex Overall

HY TME 4.61 4.29 4.52 3.12 4.14+0.35
139H 1.29 1.60 2.59 1.75 1.80+0.27
DY TME 0.92 1.43 1.00 1.03 1.10+0.11

« Rate of spread Is consistent with slow
axonal transport

 Strain-specific rates of spread observed

« Correspond with tempo of disease

Ayers et al., 2009; Langenfeld et al., 2016

on — Strain specific pathogenesis

Corticospinal
tract """ e YT

Rubrospinal
tract

-------------------

tract

tract

Sciatic nerve




Ronald Shikiya

Strain: éo‘k\)e@\d\\‘)e@ko"k@\ Q
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Prion

Sciatic nerve inocu

Lateral

vestibular Red
nucleus nucleus

Bi

athogenesis

on — Strain specific pathogenesis

Ventral
motor
neuron

HY TME 4.61 4.29 4.52 3.12 4.14+0.35 bl
139H 1.29 1.60 2.59 1.75 1.80+0.27
DY TME 0.92 1.43 1.00 1.03 1.1040.11

tract

« Rate of spread Is consistent with slow
axonal transport

 Strain-specific rates of spread observed

« Correspond with tempo of disease

» Rate of transport vs. rate of spread

tract

tract

Ayers et al., 2009; Langenfeld et al., 2016
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Prion pathogenesis

Sciatic nerve inoculation

PMCA Samples
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Prion pathogenesis

Sciatic nerve inoculation
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« Imaging PrP>¢ in sciatic nerves of live animals.



Prion pathogenesis

Sciatic nerve inoculation

HY PrpSc.AFs47 DY PrPSc.AF®47 139H PrPSc.AFS47 RML PrPSc.AFS47 Mo recPrPSc-AF647
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« Imaging PrP>¢ in sciatic nerves of live animals.



Prion pathogenesis

Sciatic nerve inoculation

Male PrP** Male Prp9/0
o 0 0 o~ o © ™ o
6 5 3 8 602 § § 3§ =&
[ [ [ [ [ [ [ [
c c c c c c c c
) )
o5 ®5 +
v v
£ =
24 =4
2 2
(3] (3]
o o
Q Q
> 3- > 3
c c
o o
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« PrP>¢ velocities are consistent with fast axonal transport
 Strain specific velocities are not observed
* Not dependent on expression of PrP¢



Prion pathogenesis

Sciatic nerve inoculation

24 Hours: Fast Axonal Transport

Fold PrP* amplification
N SN D o
| | | | | | 1 |

Lumbar SC

Sciatic Nerve

p<0.05
"
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n=7

UN

« Decoupling prion

DY HY

PrPs¢ Level
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Transport+Amplificatio

4——Transport———

Time

replication vs. prion transport



Prion pathogenesis

Summary

PrP>¢ travels along known neuroanatomical
pathways

Transport in the nervous system is a shared
feature between prion and prion-like
diseases

Patterns of spread are independent of prion

strain.
« Percentage of inc. period vs. dpi
PrP>¢ velocity in the sciatic nerve is
consistent with fast axonal transport
 Independent of prion strain or PrP¢
Sciatic nerve inoculation is a useful method

to study other aspects of prion biology.
* Prion strain interference

Corticospinal |
tract

Rubrospinal | R |
tract TTTTTTTCADLEEENEES o>

tract

Vestibulospinal
...............
tract > Rt 8]
N L4 N
N\ .\'I ‘ss

Sciatic nerve
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Prion pathogenesis

Summary

» Targeting prions to the same population of neurons is a
powerful means to investigate prion evolution.
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Sciatic nerve inoculation — Prion strain evolution

Vertebral segment
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Thoracic
Lumbar Cervical
217 d.

DY » DY

78 d.
HY > HY

60 d. ??
DY > HY > 77

90 d. ?7?
DY » HY > 77

7

DY 120 d. > HY — > 7?7

A-60d.DY TME

B -90d. DY TME

C-120d. DY TME




Prion pathogenesis

Sciatic nerve inoculation — Prion strain evolution

Onset of clinical

symptoms
Interval
First between Second Clinical After 15t After 2nd
Inoculation Inoculations Inoculation Signs Inoculation  Inoculation

DY TME 120 days Mock DY TME 217+28 n.a.

Mock 120 days HY TME HY TME n.a. 7812
DY TME 60 days HY TME HY TME 138+3 78+3°
DY TME 90 days HY TME HY TME 18047 90+7°¢
DY TME 120 days HY TME DY TME 220434 10043

DY TME can interfere with the emergence of HY TME

Bartz et al., 2007, Journal of Virology
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Sciatic nerve inoculation — Prion strain evolution

If DY TME agent replication, ipsilateral to the site of inoculation is responsible for diminishing
the ability of the HY TME agent to cause disease, then inoculation of the HY TME agent in the
sciatic nerve contralateral to DY TME agent inoculation would result in animals succumbing to

HY TME with incubation periods similar to animals inoculated with the HY TME agent alone.

Sciatic nerve - Left Lumbar spinal cord Sciatic nerve - Right

DY TME




First
Inoculation

(Right s.n.)
Mock
DY TME
DY TME

Mock
DY TME
DY TME

Prion pathogenesis

Sciatic nerve inoculation — Prion strain evolution

Interval
between
Inoculations

90 days
90 days
90 days

120 days
120 days
120 days

Second

Inoculation
(Left s.n.)

HY TME
HY TME
Mock

HY TME
HY TME
Mock

Clinical
Signs

HY TME
HY TME
DY TME

HY TME
HY TME
DY TME

Prpse
migration

21 kDa
21 kDa
19 kDa

21 kDa
21 kDa
19 kDa

All2
5/5
5/5
5/5

5/5
5/5
4/4

Onset of clinical symptoms

After 1t After 2nd
Inoculation Inoculation
n.a. 77+3P
167£3 17x3°
229=+3 n.a.
n.a. 7/3%£3
197%£11 77rx11°
2324 n.a.

a Number affected / number inoculated

b Average days postinfection = standard deviation
¢ Incubation period similar compared to animals inoculated with the HY TME agent alone (P>0.05)

n.a. — not applicable
S.n. — sciatic nerve

Bartz et al., 2007, Journal of Virology

* Prion strain interference is in VMNSs
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Sciatic nerve inoculation — Prion strain evolution

« How can DY TME prevent HY TME from causing disease?

DY TME - 134. Ipsi DY TME - 134. Contra DY TME - Clinical Ipsi Mock Infected
L3 MOSENSEREN Tl P ] B e ,:\‘{‘g.!p ks . e
- ) el T I, )
3 - Yk Qe % e R S
w @ F NS <
S N N
- F NSO Sy R S
g N\ h e, T 2 A ': P /]
' 2. ~ o ol £ = ”
(®) T ST e %45,& 7
g N R SSRA - 3 > 4 5 ’!:m
L. B e R e : 0V
Sciatic nerve E

VMN o o o BRI e b

Negative control DY TME &
Cc I
100 —= %‘
§ z 5
% =
) > 50| n=4
o JF n=
2 4 e
2
Control DY TME .
¥ F p>0.05 &
. L4
: 100 s
= g e, #| v o A
i ¢ 4 ¥ % y ’ z £ §
= 5 ¥ b7 T2 < 50 et
%) . o o 2 S :
AL S ; E B
: gaae et
; @ @ e i
e = Control DY TME % 4

» The only detectable change is the deposition of DY PrpPs¢

Bartz et al., 2007; Shikiya et al., 2010 Journal of Virology
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Sciatic nerve inoculation — Prion strain evolution

Control group Experimental group
1* Inoculation: ——— UN || DY —

2" Inoculation: —— HY HY —
WksPostHY: 4 6 8 10 4 6 8 10 Q 75 *
A B c ' 7|C ,k
O 7/
. 1. g 50_ . //
A 25 /
o //
T ol e
Lane: 1 2 3 4 5 6 7 8 4 6 8 10

Weeks Post HY Infection

« The dominant strain suppresses but does not eliminate replication of the minor strain

Bartz et al., 2007, Journal of Virology



Prion pathogenesis

Prion strain evolution

Coinfecting Prion Strains Compete for a Limiting Cellular Resource’ PMCA strain interference

Ronald A. Shikiya,' Jacob I. Ayers,' Charles R. Schutt,' Anthony E. Kincaid,"? and Jason C. Bartz'*
: . 5x101 ug 5x1072 ug
eg. HY TME | eq. HY TME
Prion Interference Is Due to a Reduction in Strain-Specific PrP* Levels" AF +
Jason C. Bartz,'* Michelle L. Kramer,' Meghan H. Shechan,' Jessica A. L. Hutter,'
o .I|zl|lclnh I /l\k\lknk' Rik‘hl&lll’l(]l]:{. Hc:si:l.l{]und /\]Itllthltl‘lllly li.Lk?:lleI';lid" N PMCA 500 “g eq' 533 H‘I_gMeEq MOCk ’ 5[0)3 ElrgMeEq 53% l'_ll_gMeEq

Coinfecting Prion Strains Compete for a Limiting Cellular Resource”f
Ronald A. Shikiya,' Jacob 1. Ayers,' Charles R. Schutt," Anthony E. Kincaid,"* and Jason C. Bartz'*

Departments of Medical Microbiology and Immunology' and Physical Therapy,® Creighton University, Omaha, Nebraska 68178

Incongruity between Prion Conversion and Incubation Period
following Coinfection

Katie A. Langenfeld,? Ronald A. Shikiya,® Anthony E. Kincaid,® Jason C. Bartz?

1. Strain interference is governed by the relative onset of prion replication between the
strains in a common population of cells.

Prion strains compete for PrP¢.

The blocking strain can suppress replication, but does not eliminate, the
superinfecting strain.

W






Protein Misfolding Cyclic Amplification

Generates Infectious prions

Result for indicated inoculum®

PMCA generated Brain derived
Dilution
Incubation No. of hamsters Incubati No. of hamsters
period affected/total nm;r;éon affected/total
(days = SEM)  no. inoculated P no. inoculated
10~2 83 + 3P 5/5 61 +3 5/5
107> 93 +3 5/5 71+3 5/5
1074 99 + 4 5/5 79+9 5/5
107> 164 + 111 5/5 89+6 5/5
107° 186 + 24 5/5 98 + 2° 5/5
1077 214 = 11 3/5 134 = 9” 4/5
10~° >400 0/5 192 + 54° 3/5
1077 >400 0/5 >400° 0/5
None (mock =400 0/5 >400 0/5
inoculation) 1086 LD, 1093 LDg,

* In vitro PMCA generation of high titer HY TME agent.

Shikiya & Bartz, 2011



HY PrP>¢ deposition in hippocampus &
corpus callosum

Mock Infected HY TME i.sc. HY TME i.c.
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 Following i.c. inoculation, HY PrP>¢ is detected in the
hippocampus and corpus collosum.

 Lack of PrP>¢ deposition is not due to a lack of ability to
replicate in hippocampus.

Ayers et al., 2009 Journal of Virology



Temporal and spatial spread of HY and DY PrP>¢:

Deposition at clinical disease

Presence of PrPS¢ after

CNS region inoculation of*:
HY TME DY TME

Brain stem

Trigeminal motor nucleus + +

Trigeminal principal sensory nucleus + +

Facial motor nucleus + +

Hypoglossal nucleus + +
Forebrain

Hippocampus

Dentate gyrus 0 +

Hippocampus proper 0 +

Subiculum 0 +

Thalamus + +

Hypothalamus + +
White matter

Cerebellar white matter + +

Corpus callosum 0 +

Anterior commissure 0 +

Cingulum 0 +

External capsule 0 +

¢ +, present; 0, absent.

« PrPsc¢ deposition is more widespread in DY TME infected hamsters compared to HY

Ayers et al., 2009 Journal of Virology TME mfeCted hamSterS'



What is the composition of the sciatic nerve?

* Both sensory, motor, and
sympathetic axons
~ 6% motor
~ (1% sensory
~ 23% sympathetic

5

- Inoculation in this nerve should
present the agent to all fiber

types.

s

= e

* Inject dextran into sciatic
nerve



Prion and prion-like diseases

Prion conversion

Gerstmann-Straeussler-Scheinker syndrome
Cerebellar neurons
Ataxia

Prion diseases

Alzheimer disease
Hippocampal neurons

Dementia Fatal familial insomnia

Thalamic neurons
Insomnia

Spinocerebellar ataxia
Cerebellar neurons
Corebellardtaxia Creutzfeld—-Jakob disease
Cortical neurons

Dementia

Amyotrophic lateral sclerosis
Motor neurons
Muscular atrophy

Parkinson disease

Substantia nigra
dopaminergic neurons

Parkinsonism

Frontotemporal dementia

Cortical neurons
Dementia Multiple system atrophy
Basal ganglia and/or
cerebellar oligodendrocytes
Hiiii : Parkinsonism and/or ataxia
untington disease
Striatal neurons
Dementia Dementia with Lewy bodies
Affected cell type Cortical and/or hippocampal and/or striatal neurons
Clinical feature Dementia and/or parkinsonism

Schekel & Aguzzi, 2018
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