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Brain Institute,c University of Florida, Gainesville, Florida, USA

ABSTRACT Misfolded a-synuclein (aS) is hypothesized to spread throughout the
central nervous system (CNS) by neuronal connectivity leading to widespread pa-
thology. Increasing evidence indicates that it also has the potential to invade the
CNS via peripheral nerves in a prion-like manner. On the basis of the effectiveness
following peripheral routes of prion administration, we extend our previous studies
of CNS neuroinvasion in M83 «S transgenic mice following hind limb muscle (intra-
muscular [i.m.]) injection of «S fibrils by comparing various peripheral sites of inocu-
lations with different oS protein preparations. Following intravenous injection in the
tail veins of homozygous M83 transgenic (M83*/™) mice, robust aS pathology was
observed in the CNS without the development of motor impairments within the
time frame examined. Intraperitoneal (i.p.) injections of aS fibrils in hemizygous M83
transgenic (M83*/~) mice resulted in CNS oS pathology associated with paralysis. In-
terestingly, injection with soluble, nonaggregated S resulted in paralysis and pa-
thology in only a subset of mice, whereas soluble A71-82 «S, human S, and key-
hole limpet hemocyanin (KLH) control proteins induced no symptoms or pathology.
Intraperitoneal injection of aS fibrils also induced CNS aS pathology in another aS
transgenic mouse line (M20), albeit less robustly in these mice. In comparison, i.m.
injection of S fibrils was more efficient in inducing CNS oS pathology in M83 mice
than i.p. or tail vein injections. Furthermore, i.m. injection of soluble, nonaggregated
aS in M83*/~ mice also induced paralysis and CNS «S pathology, although less effi-
ciently. These results further demonstrate the prion-like characteristics of S and re-
veal its efficiency to invade the CNS via multiple routes of peripheral administration.

IMPORTANCE The misfolding and accumulation of a-synuclein (aS) inclusions are
found in a number of neurodegenerative disorders and is a hallmark feature of Par-
kinson’s disease (PD) and PD-related diseases. Similar characteristics have been ob-
served between the infectious prion protein and «S, including its ability to spread
from the peripheral nervous system and along neuroanatomical tracts within the
central nervous system. In this study, we extend our previous results and investigate
the efficiency of intravenous (i.v.), intraperitoneal (i.p.), and intramuscular (i.m.)
routes of injection of «S fibrils and other protein controls. Our data reveal that injec-
tion of aS fibrils via these peripheral routes in aS-overexpressing mice are capable
of inducing a robust aS pathology and in some cases cause paralysis. Furthermore,
soluble, nonaggregated oS also induced aS pathology, albeit with much less effi-
ciency. These findings further support and extend the idea of aS neuroinvasion from
peripheral exposures.
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spectrum of neurodegenerative diseases associated with the formation of brain

amyloidogenic inclusions comprised of the protein a-synuclein (aS) are collectively
referred to as a-synucleinopathies (1-6). oS pathological inclusions, which are also
termed Lewy bodies or Lewy neurites, predominantly occur in neurons and are a
defining feature of Parkinson'’s disease (PD) (1-7), but in other diseases such as multiple
system atrophy, they can predominantly occur in oligodendrocytes (6, 8-10). A direct
role for &S in neurodegeneration was established by the discovery of several genetic
alterations in the aS gene (SNCA), in the form of missense mutations or increased copy
number, which result in autosomal-dominant PD or the related disease, dementia with
Lewy bodies (11-21).

Human pathological studies have suggested that oS pathology may spread within
the central nervous system (CNS) along neuroanatomical tracts (22-24) and perhaps
from the peripheral nervous system (PNS) (22, 25, 26). Using either human or mouse
brain lysates containing aS aggregates or recombinant preformed «S fibrils («S fibs), it
was reported that the brain injection of these preparations could result in the progres-
sive induction of aS pathology in S transgenic (Tg) mice and in some studies in
nontransgenic (nTg) mice (27-38). However, we have recently reported that the studies
using CNS homogenates can be confounded by a non-aS factor enriched in the white
matter that can induce similar oS pathology in aS Tg mice (39). We previously reported
that, consistent with a prion-like mechanism, peripheral hind limb intramuscular (i.m.)
injection of aS fibs leads to the progressive formation of CNS aS pathology in both M20
and M83 aS Tg mice and to motor impairment in the latter line of mice (40). Retrograde
transport of oS aggregates followed by seeding and further transmission was sug-
gested as the major mechanism involved, as transection of the sciatic nerve prior to i.m.
injection of aS fibs significantly delayed, but did not completely block, disease induc-
tion in this model (40). Herein, we expand these studies of CNS induction of «aS
pathology from peripheral challenges of aS fibs and control proteins by comparing the
outcomes of tail vein, intraperitoneal (i.p.) and i.m. inoculations.

RESULTS

We previously reported that the unilateral or bilateral i.m. injection in the hind limbs
of M83 aS Tg mice with mouse or human aS fibs resulted in the formation of CNS «aS
pathology associated with a severe motor impairment (40). To demonstrate that
neuroinvasion of the injected «S fibs could occur via retrograde transport through the
sciatic nerve (the major nerve that innervates the lower leg muscles), we had performed
complete transection of the sciatic nerve prior to unilateral i.m. injection of the «S fibs
in the ipsilateral hind limb (40). Sciatic nerve transection significantly delayed disease
onset in some of the mice, yet others developed the same phenotype and S pathology
as mice whose nerves were not transected (40). This revealed that neuroinvasion of aS
aggregates could occur through retrograde transport via the nerve, but other mecha-
nisms could also be involved.

To determine whether leakage of oS fibs into the vascular circulation could be
another mechanism of neuroinvasion, we performed tail vein injection of 20 ug of
mouse aS fibs in a cohort of five homozygous M83 Tg (M83+/™) mice. This was the
most common dose used in our previous i.m. injection studies (40). We used mouse aS
fibs for these studies, as we previously showed that human or mouse «S fibs could be
interchangeably used to induce aS pathology following i.m. injection in M83 mice, but
mouse oS fibs were slightly more potent (40). Importantly, naive M83*/* mice intrin-
sically develop motor impairments associated with the CNS formation of aS inclusion
pathology, but only after 7 months of age, and this is delayed beyond 21 months of age
for hemizygous M83 Tg (M83*/~) mice (41). M83+/* mice were injected in the tail vein
at 2 months of age and monitored for 120 days thereafter. Although the M83*/* mice
that were i.m. injected with 20 ng mouse aS fibs developed motor impairment (i.e., foot
drop followed by paralysis) within 60 days postinjection (dpi) (40), tail vein-injected
mice did not develop a motor impairment phenotype within the 120 days that they
were monitored following injection. However, four out of five of these mice had
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FIG 1 Induction of CNS S inclusion pathology in M83*/+ mice following tail vein injection of aS fibs. (A and B)
Representative images showing aS inclusion pathology in the brain stem (A) and spinal cord (B) of M83+/* mice
injected in the tail vein with 20 ug mouse oS fibs. (C and D) Representative images show the lack of aS inclusion
pathology in the brain stem (C) and spinal cord (D) of uninjected age-matched M83+/+ mice. Tissue sections were
stained with antibodies to aS phosphorylated at Ser129 (EP1536Y and 81A), anti-aS (Syn 506) or anti-p62/
sequestosome (a general marker of inclusion pathology) as indicated in each panel. Tissue sections were
counterstained with hematoxylin. (E and F) Representative images revealing the presence of argyrophilic deposits
in the brain stems and spinal cords (as indicated by insets [X3 magnification]) of M83*/* mice injected in the tail
vein with 20 pwg mouse S fibs (E), and a lack of deposits in age-matched uninjected M83*/*+ mice (F). Bars = 100
mm.

widespread oS inclusion pathology in the spinal cord, brain stem, midbrain, hypothal-
amus, thalamus, and periaqueductal gray regions typical of the pathology that these
mice present with due to aging (Fig. 1A and B) and displayed widespread argyrophilic
deposits throughout the CNS (Fig. 1E) (41). The other mouse from this cohort had a
similar distribution of aS pathology, but a more modest density. Additionally, unin-
jected M83+/* mice at 180 days displayed no aS pathology or argyrophilic deposits
throughout their CNS (Fig. 1C, D, and F).
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TABLE 1 Summary of the M83"/~ mice i.p. injected

Journal of Virology

Predetermined No. of animals No. of animals with aS

Inoculum? endpoint (dpi) paralyzed/no. injected pathology/no. analyzed CNS distribution of aS pathology?

mfib aS 180 3/6¢ 6/6 Predominantly thalamus, hypothalamus, periaqueductal
gray, brain stem, and SC

Mouse soluble oS 180 1/11 2/11 Predominantly thalamus, hypothalamus, periaqueductal
gray, brain stem, and SC

Human A71-82 «S 180 0/10 0/10 None

Human S 210 0/6 0/6 None

KLH 200 0/5 0/5 None

amfib, mouse aS fibs; KLH, keyhole limpet hemocyanin.
bSC, spinal cord.
<One mouse had to be euthanized for non-motor-impaired health complications (169 dpi).

To extend these studies, i.p. administration of aS fibs was performed in M83+/~
mice in addition to a series of control proteins. Intraperitoneal injection with 50 ug of
mouse «S fibs resulted in severe motor impairment in three out of six mice by 180 days
(Table 1; Fig. 2A). One additional mouse had to be euthanized at 169 dpi due to
dermatitis, while the other two mice were euthanized at 180 dpi without a motor
phenotype. Similar to tail vein injections, 5 of these mice had widespread CNS aS
inclusion pathology (Table 1; Fig. 3A and B), while the sixth had aS pathology with
similar distribution, but at more modest levels. For controls, we i.p. injected M83+/—
mice with nonaggregated, soluble mouse oS that was sedimented at high speed just
prior to injection to remove any possible aggregates. From this cohort of 11 mice, 1
developed motor impairment similar to mice injected with mouse «S fibs and pre-
sented with similar S inclusion pathology (Table 1; Fig. 2A and 3C and D). The
remaining 10 mice were disease-free up to 180 dpi, the time at which they were
euthanized. Of the 10 disease-free mice, only 1 had moderate aS pathology with the
same distribution as those previously described, while the other 9 had no «S inclusion
pathology.

Ten M83*/~ mice were i.p. injected with 50 ug of soluble aS containing the A71-82
(amino acids 71 to 82 deleted) deletion. This nonamyloidogenic protein has a deletion
in a region required for oS to aggregate and form amyloid (42, 43). A71-82 aS lacks the
ability to form or seed aS amyloid in vitro and in cultured cells under relatively
physiologic conditions (42-45). None of the M83*/~ mice i.p. injected with A71-82 aS
developed a motor impairment phenotype or presented with «S inclusion pathology at
180 dpi, the time at which they were euthanized (Table 1; Fig. 2A and 3E). Six M83+/~
mice were i.p. injected with BS, a closely related protein to aS (46), but because of
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FIG 2 Induction of motor impairments and paralysis in M83*/~ mice peripherally challenged with various forms of aS. (A) Kaplan-Meier survival plot shows a
decreased time to end stage (due to motor impairments) for M83+/~ Tg mice injected i.p. with mouse «aS fibs compared to M83*/~ mice injected i.p. with
A71-82 aS, soluble nonaggregated mouse aS, BS, or KLH. A mouse euthanized at an earlier time point due to a non-disease-related complication (i.e., dermatitis)
was excluded from the data. mfib, mouse aS fib. (B) Bilateral i.m. injection in the hind limb muscle of M83+/~ Tg mice with mouse aS fibs resulted in paralysis
in all of the mice by 134 dpi. i.m. injections with soluble, nonaggregated human S also resulted in the majority of animals developing paralysis, whereas only
2 of the 17 mice injected with A71-82 aS developed disease, and none of the mice injected with BS, or KLH ever displayed symptoms. Mice euthanized at earlier

time points due to non-disease-related complications (i.e., fighting wounds) were excluded from these data (Table 1).

January 2017 Volume 91 Issue 2 e02095-16

jviasm.org 4


http://jvi.asm.org

Peripheral Routes of a-Synuclein Injection

pSer129/EP1636Y  pSer129/81A Syn 506 p62
A S e il B o G y
E Y - e T
[} ;
o 8 . ; ol Ty .
= Q. TR \ e 2N, ; o
- S = » : : - y
> T n
(7] 5 s
<] © ~ "
o B & 5 & S e
: . [ ! « ’
‘g . o e :
o 5- S e Gl i
£ o e - . - G [} >
© 1 dredaen el = i i .'J ’
SRt 2 . Vo
o 7 : gien A 'Y < = ]
0 g it Wie S 5 s, -
® : 2 . > 7 : %
B — 4 o
c ; 7
S
o) i
(=T v
> C
n o :
T o 5
2 N
= 2
= 5
% © o ‘:'11 - a »—’v +
g 8 ;\r o ‘<\ \7" ‘ T S
E T e b0
6_ 3 A » %
1% - ’; ~

A71-82 aSyn
brainstem

human BSyn
brainstem

KLH

brainstem

FIG 3 Induction of CNS aS inclusion pathology in M83+/~ mice following i.p. injection of aS. (A and B) Representative
images showing oS inclusion pathology in the brain stem (A) and spinal cord (B) of M83+/~ mice i.p. injected with 50
g mouse «S fibs. (C and D) Representative images showing aS inclusion pathology in the brain stem (C) and spinal cord
(D) of M83*/~ mice i.p. injected with 50 ug soluble mouse S that developed motor impairments. (E to G) Represen-
tative images showing a paucity of «S inclusion pathology in the brain stems of M83*/~ mice i.p. injected with 50 ug
of A71-82 aS (E), BS (F), or KLH (G). Tissue sections were stained with antibodies to aS phosphorylated at Ser129
(EP1536Y and 81A), anti-aS (Syn 506), or anti-p62/sequestosome (a general marker of inclusion pathology) as indicated
in each panel. Tissue sections were counterstained with hematoxylin. Bars = 100 um.
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differences in its middle hydrophobic region, it is resistant to amyloid formation and is
not found within human brain inclusions (7, 9, 42, 47, 48). None of the mice i.p. injected
with BS developed a motor impairment phenotype or presented with aS inclusion
pathology at 210 dpi, the time at which they were euthanized (Table 1; Fig. 2A and 3F).
For an additional control for general immune activation due to i.p. injection of a
protein, we injected five M83 "/~ mice with 50 ug of keyhole limpet hemocyanin (KLH),
a protein known to be highly immunogenic. None of these mice developed a motor
phenotype or presented with aS inclusion pathology at 200 dpi, the time at which they
were euthanized (Table 1; Fig. 2A and 3G).

To determine whether i.p. injection of mouse S fibs could induce CNS aS inclusion
pathology in a different aS Tg mouse line, we performed a similar injection in five
M20+/~ Tg mice. M20 aS Tg mice were generated similarly to the M83 line with the
mouse prion protein promoter driving expression, but they express wild-type human
aS rather than human aS containing the A53T mutation (41). Additionally, they express
similar or higher levels of human aS with neuroanatomical distribution similar to that
of M83 mice, but they never intrinsically develop a motor impairment phenotype or aS
inclusion pathology (37, 41, 49). None of the M20"/~ i.p. injected with S fibs become
paralyzed like the M83+/~ mice, but they presented with variable levels of CNS aS
pathology. We sacrificed one of the i.p. injected M20*/~ mice at 230 dpi and observed
rare aS inclusions in the spinal cord and brain stem. Three of the four remaining mice
had to be euthanized at 343, 343, and 365 dpi due to difficulty breathing or moribund
state, and they presented with abundant «S inclusion pathology in the spinal cord and
moderate levels in the brain stem and midbrain region (Fig. 4). The fifth mouse was
euthanized at 365 dpi without a phenotype, but had scant «S inclusion pathology in
the spinal cord and brain stem. Importantly, uninjected M20*/~ mice at 450 days
displayed no aS pathology in their CNS (Fig. 4C and D).

In our original study of i.m. injection of &S fibs in M83 mice, we showed that
injections with either human or mouse «S fibs yield similar results and that i.m.
injection of A71-82 «aS could induce aS inclusion pathology and motor impairments in
a subset of these mice (40), a finding seemingly at odds with the i.p. injection studies
here. First, we bilaterally i.m. injected 20 g of mouse «S fibs in a cohort of 17 M83*/—
mice. Although 4 of the mice from this cohort had to be euthanized due to non-motor-
related issues, the other 13 mice all developed motor impairments within 134 dpi
(Table 2; Fig. 2B and 5A and B). Upon examination of their CNS, all 17 of the mice had
the expected presentation of CNS «S inclusion pathology (Table 2; Fig. 5A and B). We
bilaterally i.m. injected 17 M83*/~ mice with 20 ug of soluble A71-82 &S and moni-
tored these mice for up to 240 dpi. Two mice developed foot drop and paralysis with
abundant CNS S inclusion pathology before the designed endpoint (Table 2; Fig. 2B
and 5E). Two additional mice that displayed no motor impairment phenotype had
abundant CNS aS inclusion pathology, while another presented with modest aS
inclusion pathology within the spinal cord. Thus, these findings corroborate our
previous work (40).

For new controls, we i.m. injected cohorts of six and eight M83*/~ mice with 20 ug
of human BS and KLH, respectively, and monitored these mice for 220+ dpi. None of
these mice developed a motor impairment phenotype or presented with CNS «S
inclusion pathology (Table 2; Fig. 2B and 5F and G). Since i.m. injection of human
A71-82 aS induced motor impairment and CNS «aS pathology in a subset of mice, we
performed similar i.m. injections with soluble, full-length human «aS. We used human oS
here to more directly compare the effects to A71-82 aS which is a deletion variant of
human aS. To ensure there were no aggregates, the protein was centrifuged at high
speed just prior to injection, and the supernatant was analyzed by K114 fluorometry.
i.m. injections of this nonaggregated, soluble aS induced severe motor impairments
with robust CNS S inclusion pathology within 270 dpi in seven out of eight of this
cohort of mice (Table 2; Fig. 2B and 5C and D).
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FIG 4 Induction of CNS «S inclusion pathology in M20*/~ mice following i.p. injection of aS fibs. (A and B)
Representative images showing aS inclusion pathology in the brain stem (A) and spinal cord (B) of M20*/~ mice
that were i.p. injected with 50 ug mouse aS fibs and developed a moribund state. (C and D) Representative images
depicting a paucity of aS inclusion pathology in the brain stem (C) and spinal cord (D) of uninjected older (450
days) M20*/~ mice. Tissue sections were stained with antibodies to aS phosphorylated at Ser129 (EP1536Y and
81A), anti-aS (Syn 506) or anti-p62/sequestosome (a general marker of inclusion pathology) as indicated in each
panel. Tissue sections were counterstained with hematoxylin. Bars = 100 um.

DISCUSSION

Our studies show that CNS «S pathology can be efficiently induced by peripheral
exposure to amyloidogenic aS in M83 mice via i.m., i.p., or tail vein injections. The i.p. and
tail vein injection studies do not directly provide a mechanism(s) for the CNS neuroinvasion
following these types of exposure to exogenous aS amyloid seeds. However, the induction

TABLE 2 Summary of the M83"/~ mice i.m. injected

Predetermined No. of animals No. of animals with aS

Inoculum endpoint (dpi) paralyzed/no. injected pathology/no. analyzed CNS distribution of aS pathology

mfib oS NA@ 13/17° 17/17 Predominantly thalamus, hypothalamus, periaqueductal
gray, brain stem, and SC

Human soluble aS 270 7/8¢ 7/8¢ Predominantly thalamus, hypothalamus, periaqueductal
gray, brain stem, and SC

Human A71-82 oS 240 2/17 5/17 Predominantly periaqueductal gray, brain stem, and SC.
Sparse in thalamus and hypothalamus

Human S 300 0/6 0/6 None

KLH 220 0/8 0/8 None

aNA, not applicable.
bFour mice had to be euthanized for non-motor-impaired health complications at 98, 107, 107, and 112 dpi (i.e., fighting wounds).
<One mouse had to be euthanized for non-motor-impaired health complications at 262 dpi (i.e., fighting wounds).
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FIG 5 Induction of CNS «S inclusion pathology in M83*/~ mice following i.m. injection of «S fibs and soluble aS.
(A and B) Representative images showing aS inclusion pathology in the brain stem (A) and spinal cord (B) of
M83+/~ mice i.m. injected with 20 ng mouse aS fibs. (C and D) Representative images showing aS inclusion
pathology in the brain stem (C) and spinal cord (D) of an M83*/~ mouse that was i.m. injected with 20 ng soluble

(Continued on next page)
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following tail vein injections suggested that these aS molecules can be taken up from the
blood circulation to the nervous system. This finding can account for the previously
reported incomplete inhibition of neuroinvasion by sciatic nerve transection following
unilateral i.m. injection of the aS fibs in the ipsilateral hind limb (40).

Similar to our previous i.m. injection of &S fibs in M20*/~ mice (40), i.p. injection of
aS fibs in these mice also induced CNS aS pathology, but the induction/spread was
slower than in M83 mice. Besides the M83 mice expressing A53T human «aS and the
M20 mice expressing wild-type human aS, it is possible that subtle expression differ-
ences in the periphery could contribute to these differences. i.p. injection of the control
proteins A71-82 aS, BS, and KLH did not induce aS inclusion pathology in M83 mice.
i.p. injection of soluble, nonaggregated «S was significantly less efficient at inducing aS
pathology than aS fibs. Although this occurred in 2 out of the 11 injected mice, albeit
only after prolonged incubation, it is possible that this preparation contained trace
amounts of aS “seeds.” Our findings support a recent study which also demonstrated
the ability for S fibrils, i.p. injected in transgenic mice expressing the A53T «S protein,
to induce oS pathology and paralysis (50). Although the latter study provides insight
into the potential efficiency of this peripheral route, we provide a higher powered study
and include a number of control proteins which aim to better understand the com-
ponent responsible for aS pathology and disease induction.

i.m. injections of BS and KLH in M83 mice also did not induce CNS &S inclusion
pathology. The induction of CNS S inclusion pathology by i.m. injection of aS fibs was
similar to what we previously reported (40) as well as the ability of A71-82 aS to induce
motor impairments and CNS aS inclusion pathology in a subset of mice. It was
unexpected that i.m. injection of soluble, nonaggregated «S induced motor impair-
ments and CNS oS inclusion pathology in the majority of M83*/~ mice. It is possible
that soluble, nonaggregated oS contains small amounts of S seeds that cannot be
removed even by high-speed centrifugation and that result in the induction of aS
pathology following i.m. injection due to retrograde transport and conformational
templating, a much more direct route to the CNS than the i.p. injection paradigm. The
induction of disease and pathology by i.m. injection of A71-82 «S, which lacks the
ability to form fibrils or seed aS amyloid in vitro and in cultured cells under relatively
physiologic conditions (42-45), is more difficult to be explained by a conformational
templating mechanism. Cerebral injections of A71-82 aS were previously shown to also
have the ability to induce &S pathology in aS Tg mice, although with less efficiency
than aS fibs (36, 37). However, the possibility that in vivo, a small amount of exogenous
A71-82 oS might spontaneously acquire amyloidogenic properties over time cannot be
excluded, since under nonphysiological conditions (i.e., the presence of SDS), it can be
artificially induced to form amyloid fibrils (51). A more parsimonious explanation for the
findings that soluble forms of aS can also induce aS pathology is that additional
nonexclusive mechanisms, perhaps including immune activation, can contribute to
inducing and/or promoting «S inclusion pathology formation (6, 52, 53).

The more efficient induction of CNS aS inclusion pathology from peripheral chal-
lenges with aS amyloid fibrils compared to soluble forms of &S and from i.m. injection
compared to i.p. and tail vein injections indicates that CNS neuroinvasion associated
with conformational templating of aS is still the predominant mechanism involved. This
notion is consistent with the finding that tail vein injection of aS conformers in rats can
induce the formation of morphologically distinct CNS «S pathology (54). It is also intriguing
that in both the M83 and M20 mouse lines, the induced «S inclusion pathology always has

FIG 5 Legend (Continued)

human aS that developed motor impairments. (E) Representative images showing aS inclusion pathology in the
brain stem of one of the M83*/~ mice i.m. injected with 20 ug A71-82 aS that developed motor impairments.
Paucity of aS inclusion pathology as shown in the brain stems of M83+/~ mice i.m. injected with 20 ug BS (F) or
KLH (G). Tissue sections were stained with antibodies to aS phosphorylated at Ser129 (EP1536Y and 81A), anti-aS
(Syn 506), or anti-p62/sequestosome (a general marker of inclusion pathology) as indicated in each panel. Tissue

sections were counterstained with hematoxylin. Bars = 100 um.
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the same general distribution, i.e., spinal cord, brain stem, midbrain, and thalamus regions,
similar to that of naive M83 mice when they develop motor impairment with age. We
speculate that this distribution is likely due to selective vulnerability, perhaps due to the
mouse prion promoter used to drive the expression of S in these transgenic mice. It is less
likely that a specific mutual CNS neuroinvasion mechanism shared by these three different
sites of peripheral inoculation (tail vein, gastrocnemius, and peritoneum) is the major cause
of this distribution pattern, but we cannot exclude this possibility at this time.

In the current studies, we have not directly addressed the mechanism of CNS
neuroinvasion from either i.p. or tail vein injections, but in the prion field, these routes
of inoculation have been studied extensively, and it is believed that neuroinvasion can
occur through various mechanisms (55-59). Following i.p. administration, it has been
shown through temporal studies that the infectious agent most likely gains access to
the spinal cord and midbrain through retrograde axonal transport via the parasympa-
thetic and sympathetic innervation of the enteric nervous system in the gut (55, 56).
Neuroinvasion following intravenous injection of the infectious prion agent is thought
to occur through circumventricular organs as a result of a deficient blood-brain barrier
at these sites (57, 58) and may involve transport by hematopoietic cells to secondary
lymphoid organs and uptake by nerve endings in these organs (59). Future studies will
focus on understanding whether such mechanisms apply to S transmission.

MATERIALS AND METHODS

aS transgenic mice, husbandry, and injections. All procedures were performed according to the Guide
for the Care and Use of Laboratory Animals (60) and were approved by the University of Florida Institutional
Animal Care and Use Committee. M83 Tg mice expressing human aS with the A53T mutation or M20 Tg mice
expressing wild-type human aS driven by the mouse prion protein promoter were previously described (41,
49). M83 and M20 Tg mice both express endogenous mouse aS. M83+/*+ mice, which have two alleles of the
genetically inserted transgene, overexpress approximately 5-fold human «S in the brain cortex and 28-fold
human aS in the spinal cord relative to endogenous mouse aS (41). The overall levels of human aS
throughout the neuroaxis in these mice is about the same, but the differences relative to endogenous levels
are mostly due to the lower levels of endogenous mouse aS in the spinal cord (41, 61). In comparison, M83+/—
mice overexpress approximately 3-fold human aS in the brain cortex and 19-fold human S in the spinal cord
relative to endogenous mouse aS (41). M20*/~ mice overexpress approximately 6-fold human S in the brain
cortex and 28-fold human «S in the spinal cord relative to endogenous mouse aS (41).

Antibodies. pSer129 clone 81A is a mouse monoclonal antibody that reacts with aS phosphorylated
at Ser129 (pSer129) (62), but also cross-reacts with phosphorylated low-molecular-mass neurofilament
subunit (63). The rabbit monoclonal antibody pSer129/EP1536Y that reacts with aS phosphorylated at
Ser129 and does not cross-react with phosphorylated low-molecular-mass neurofilament subunit (6) was
obtained from Abcam (Cambridge, MA). Syn506 is a conformational anti-aS mouse monoclonal antibody
that preferentially detects aS in pathological inclusions (64, 65). A rabbit anti-p62/sequestosome
polyclonal antibody (SQSTM1) was obtained from Proteintech (Chicago, IL).

Histology. Mice were sacrificed by CO, euthanization and perfused with phosphate-buffered saline
(PBS)-heparin. The brain and spinal cord were then removed and fixed with 70% ethanol-150 mM NaCl for
at least 48 h. As previously described, tissue samples were dehydrated at room temperature by immersion in
a series of ethanol solutions and then xylene and then infiltration with paraffin at 60°C (66). The tissue samples
were then embedded into paraffin blocks, which were cut into 6-um sections. Immunostaining of the sections
was performed using previously described methods (66) using the avidin-biotin complex (ABC) system
(Vectastain ABC Elite kit; Vector Laboratories, Burlingame, CA), and immunocomplexes were visualized with
the chromogen 3,3’-diaminobenzidine (DAB kit; KPL, Gaithersburg, MD). Sections were counterstained with
hematoxylin. All slides were scanned using an Aperio ScanScope CS instrument (40X magnification; Aperio
Technologies Inc,, Vista, CA), and images of representative areas of aS pathology were taken using the
ImageScope software (40X magnification; Aperio Technologies Inc.).

Silver staining of tissues was achieved using an adapted version of the Campbell-Switzer silver stain
protocol (67). Briefly, tissue sections were treated with 2% ammonium hydroxide, rinsed in water, then
placed in silver-pyridine-carbonate solution (0.5% silver nitrate, 0.4% potassium carbonate, 0.14%
pyridine) for 40 min in the dark. The slides were then soaked in 1% citric acid, washed in acetate buffer
(50 mM acetic acid, 50 mM sodium acetate [pH 5.0]) and developed in developer solution (236 mM silver
carbonate, 12.5 mM ammonium nitrate, 6 mM silver nitrate, 29.4 mM tungstosilicic acid) following the
addition of 0.025% formaldehyde. The slides were washed in 0.5% sodium thiosulfate and water and then
dehydrated, and cover slips were placed over the slides.

Expression and purification of recombinant aS proteins. Recombinant full-length human and
mouse aS, 71-82 deletion (A71-82) human aS, and full-length human BS were expressed and purified to
homogeneity as previously described (42, 43, 68). A71-82 aS has a deletion in the middle of the hydrophobic
region of aS that is required for amyloid formation and therefore lacks the ability to form or seed «S amyloid
in vitro and in vivo under physiological conditions (42-45). Nonaggregated, soluble aS was centrifuged at
100,000 X g for 1 h to remove possible aggregates just prior to injection.
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FIG 6 Negative staining electron microscopy of mouse aS fibs after water bath sonication. Representa-
tive images showing aS fibs that have been broken up into an array of polymers by water bath
sonication. Grids were stained with 1% uranyl acetate. Bar = 200 nm.

Fibril preparation of recombinant aS for injection. Mouse aS was assembled into fibrils by
incubation at 37°C at 5 mg/ml in sterile PBS (Invitrogen) with continuous shaking at 1,050 rpm
(Thermomixer R; Eppendorf, Westbury, NY). aS amyloid fibril assembly was monitored as previously
described with K114 fluorometry (43, 69). S fibrils were diluted in sterile PBS and treated by mild water
bath sonication for 1 h at room temperature. The presence of mouse «S fibs following the fibril formation
assay was assessed by electron microscopy (EM) analysis (Fig. 6). These fibrils were tested for induction of
intracellular amyloid inclusion formation as previously described (70).

Negative staining electron microscopy. Mouse aS was assembled into fibrils and sonicated as
described above. Samples were adsorbed to 300-mesh carbon-coated copper grids, washed with PBS,
and stained with 1% uranyl acetate. Images were captured using a Hitachi H7600 transmission electron
microscope fitted with an AMT digital camera.

Intramuscular, intraperitoneal, and tail vein injections. Bilateral i.m. injections were conducted with 10
g of protein listed in Table 2 per hind leg (20 g total protein per mouse) in the gastrocnemius muscle as
previously described (40). Briefly, mice at 2 to 3 months of age were anesthetized with isoflurane (1 to 5%)
inhalation, the back of the hind limbs were shaved, and a 10-ul Hamilton syringe with a 30-gauge needle was
inserted into the muscle. Different syringes were used for each type of inoculum to prevent any contamina-
tion. Intraperitoneal injections were conducted with 50 ug of proteins listed in Table 1in 100 wl of sterile PBS.
For tail vein injections, mice were injected with 20 ug of mouse «S fibs in 100 ul PBS using a 26-gauge needle.
Mice were monitored for the onset of hind limb motor impairment, and the percent motor impaired was
calculated as the number of mice displaying motor impairment divided by the number of total mice injected
for that particular cohort.
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