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The agents responsible for transmissible spongiform

encephalopathies (TSEs), or prion diseases, contain as a

major component PrPSc, an abnormal conformer of the

host glycoprotein PrPC. TSE agents are distinguished by

differences in phenotypic properties in the host, which

nevertheless can contain PrPSc with the same amino-acid

sequence. If PrP alone carries information defining strain

properties, these must be encoded by post-translational

events. Here we investigated whether the glycosylation

status of host PrP affects TSE strain characteristics.

We inoculated wild-type mice with three TSE strains

passaged through transgenic mice with PrP devoid of

glycans at the first, second or both N-glycosylation sites.

We compared the infectious properties of the emerging

isolates with TSE strains passaged in wild-type mice by

in vivo strain typing and by the standard scrapie cell assay

in vitro. Strain-specific characteristics of the 79A TSE

strain changed when PrPSc was devoid of one or both

glycans. Thus infectious properties of a TSE strain can be

altered by post-translational changes to PrP which we

propose result in the selection of mutant TSE strains.
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Introduction

The transmissible spongiform encephalopathies (TSEs) or

prion diseases are a group of fatal, infectious, neurodegen-

erative diseases that include Creutzfeldt-Jakob disease (CJD)

in humans, scrapie in sheep, bovine spongiform encephalo-

pathy (BSE) in cattle and chronic wasting disease (CWD) in

cervids. There are many distinct strains of TSEs that differ in

incubation time, pathology, clinical presentation and bio-

chemical properties in the infected host (Bruce, 2003;

Morales et al, 2007). Remarkably, the infectious properties

of many of these strains can be maintained and propagated

indefinitely in the same host. On the other hand some strains

have been shown to mutate, generating variants according to

the characteristics of the environment in which they replicate

(Kimberlin et al, 1987; Li et al, 2010). More than 15 strains

have been experimentally derived from transmission of

different scrapie, BSE or human CJD sources into a number

of species such as rodents or sheep (Dickinson, 1976;

Kimberlin and Walker, 1978; Bruce and Dickinson, 1987;

Foster and Dickinson, 1988; Bruce et al, 1991; Manuelidis,

1998). Moreover, different natural strains have been

identified in humans (Will, 2003; Ironside et al, 2005;

Bishop et al, 2010), sheep (Bruce, 2003; Buschmann et al,

2004), cattle (Biacabe et al, 2004; Casalone et al, 2004) and

most recently cervids (Angers et al, 2010).

In viral and microbial diseases different strains of the

infectious agent are common. The emergence of new strains

is associated with mutations in their nucleic acid genomes

that give rise to infectious agents with an altered ability to

invade the host, cause disease or resist drugs (Domingo and

Gomez, 2007; Hawkey, 2008). The failure to detect any

nucleic acid associated with TSE infectivity, however,

renders the existence of TSE strains difficult to explain and

has given rise to several hypotheses. The most popular of

these, the prion hypothesis, proposes that the agent consists

of misfolded isoforms (PrPSc) of the ubiquitous cellular

glycoprotein, PrPC, which encode the phenotypic properties

of TSE strains. PrPC and PrPSc differ in their conformation and

biochemical properties, including resistance to proteolytic

cleavage and solubility in detergents (Harris, 1999; Silveira

et al, 2004). TSE replication is thought to depend on the

capacity of PrPSc to infect a host, bind host PrPC and induce

its misfolding in a self-perpetuating process (Prusiner, 1998).

If a protein is the only component of the infectious agent, it

must be able to encode different information for each strain

of the agent. If this is the case, the existence of TSE strains

with well-defined, distinct infectious characteristics has to be

considered a unique feature in microbiology, and understand-

ing the nature of these strains and their ability to mutate is

important in order to prevent new outbreaks of these lethal

diseases in humans and animals (Manson et al, 2006; Telling,

2010). Given these challenges to the prion hypothesis,

consideration is also given to the hypothesis that TSE

agents have nucleic acid genomes (Rohwer, 1991; Chesebro,

1998; Somerville, 2002; Manuelidis, 2011).

To explain the existence of different TSE strains in the

absence of any associated informational nucleic acid, it has

been postulated that distinct PrPSc conformations may dictate

strain characteristics (Bessen and Marsh, 1994; Peretz et al,
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2002; Jones and Surewicz, 2005; Aguzzi et al, 2007; Angers

et al, 2010). The quasi-species hypothesis (Eigen, 1996)

predicts that PrPSc with different conformations may be

present at low levels in an infectious inoculum and that the

variant most suitable for replication in a particular host is

selected to become the dominant component of the

population (Collinge and Clarke, 2007; Li et al, 2010).

Murine PrP has two potential sites for N-linked glycosyla-

tion, at amino acids 180 and 196, which are variably occu-

pied, giving rise to di-, mono- and unglycosylated PrPC and

PrPSc. All three glycoforms are commonly observed within a

host, however, the degree of glycosylation can vary within

and between infected tissues (Somerville et al, 1997; Hill

et al, 1999). The glycosylation status of host PrPC has been

shown by us and others to be a key component in

determining the infectious process in the brain (DeArmond

et al, 1997; Neuendorf et al, 2004; Tuzi et al, 2008). Moreover,

glycans on PrPC have a strong impact in dictating the

propagation and/or transport of infectivity from the

periphery to the CNS (Cancellotti et al, 2010). Glycosylation

of PrPSc may also have an important role in defining strain

characteristics (DeArmond et al, 1997; Aguzzi et al, 2007).

However, amplification of two TSE strains (RML and 301C)

using serial protein misfolding amplification (sPMCA) and

enzymatically deglycosylated mouse PrPC in vitro has been

demonstrated with limited phenotypic characterisation of the

product, which failed to show any changes in TSE agent

phenotype (Piro et al, 2009).

A possible role for N-linked glycans on PrPSc in determin-

ing TSE strain characteristics is indicated mainly by two

observations: (i) in general, glycosylation is an important

factor in determining and maintaining conformation, func-

tion and interactions of glycoproteins (O’Connor and

Imperiali, 1996; Helenius and Aebi, 2001); (ii) different

TSE strains are usually associated with different ratios of

di-, mono- and unglycosylated PrP, and it has been suggested

that these different glycotypes are responsible for

determining infectious properties of the prion strain

(Collinge et al, 1996; DeArmond et al, 1997). For this

reason, PrPSc glycoform analysis in the infected host is one

of the criteria used to distinguish between TSE strains

(Collinge et al, 1996; Parchi et al, 1996; Casalone et al,

2004; Head et al, 2004).

We have previously developed gene-targeted mice in which

endogenous PrPC was replaced with an altered PrPC sequence

designed to prevent attachment of the sugars at the first (G1,

N180T), second (G2, N196T) or both (G3, N180Tand N196T)

N-glycan sites (Cancellotti et al, 2005). As reported

previously, G1, G2 and G3 transgenic mice inoculated with

a number of classical murine TSE strains (79A, ME7 or 301C)

accumulated novel forms of glycosylation-deficient PrPSc in

their brains. We have demonstrated that host PrP plays a

major role in TSE disease susceptibility and incubation period

and that TSE strains differ dramatically in their requirements

for host PrP glycosylation for TSE disease to occur. Moreover,

glycosylation of PrPSc is not necessary for the transmission of

TSE infectivity to a new host, and the glycotype of the host

PrP has a major influence on the de novo generated PrPSc

(Tuzi et al, 2008).

These novel sources of infectivity produced in this first

study provide us with a valuable tool to investigate the effect

of glycosylation of PrP associated with the infecting TSE

strain to determine strain characteristics. To do so, we have

injected these brain materials, which have strikingly different

glycoform profiles, into wild-type mice and utilised our well-

characterised in vivo strain-typing method to investigate TSE

strain properties (Bruce and Dickinson, 1987; Bruce, 2003).

In addition, the characteristics of the strains were assessed

in vitro by the standard scrapie cell assay (SSCA) using strain-

specific inhibitors (Mahal et al, 2008; Browning et al, 2011;

Oelschlegel et al, 2012). Here we show that the infectious

characteristics of the 79A strain changed dramatically after

passage in mice with PrP lacking glycans, as determined by

both strain typing and SSCA, and in some cases exhibiting

phenotypic properties typical of the 139A strain (Dickinson,

1976; Dickinson et al, 1984). In contrast, the characteristics of

the ME7 and 301C strains were not affected by the lack of one

of the sugars on PrP. These results demonstrate that the

presence or absence of oligosaccharides on host PrP

sometimes influences the phenotypic variability of the

infectious agent. They highlight a role of N-linked glycans

in defining strain characteristics for some but not all TSE

strains.

Results

Infectious isolates and mouse lines

Three TSE strains, 79A, ME7 and 301C, were previously

passaged in glycosylation-deficient mice (the G1, G2 and G3

mice) and in 129Ola mice as wild-type mouse controls (Tuzi

et al, 2008). Modifications to these strains, which occurred in

the glycosylation-deficient hosts, are now analysed here by

passage in a wild-type mouse panel and by examination of

changes taking place at second pass in the transgenic mice.

To test the effect of N-linked glycan chains in determining

TSE strain properties, brain homogenates from TSE-infected

mice with altered PrP glycotype profiles (illustrated in

Figure 1) were injected into the strain-typing panel of mice

(C57, VM and CVF1) (Table I). The inocula were named after

the mouse genotype from which the infectious brain was

derived and the name of the strain used in the original

inoculum. The inocula used were: G1-79A (79A passaged

through a G1 host, with PrPSc lacking glycans at the first site);

G2-79A (79A passaged through a G2 host with PrPSc lacking

glycans at the second site); G3-79A (79A passaged through a

G3 host with totally unglycosylated PrPSc); G2-ME7 (ME7

passaged through a G2 host); and G2-301C (301C passaged

through a G2 host). The PrPSc glycotype profile of the inocula

used was confirmed by western blotting analysis (Figure 1).

All inocula were prepared from animals with confirmed

clinical and pathological TSE disease or in one case with

PrPSc deposition in the brain but no recorded clinical signs of

TSE infection (Table I). No transmissions were performed

from brains from G1 and G3 mice infected with ME7 or 301C

as these mice had shown no clinical or pathological signs of

TSE infection (Tuzi et al, 2008). Because the effect of

removing sugars from PrPSc on the infectious characteristics

of the different strains was unknown and unpredictable, two

separate infectious inocula expressing glycosylation-deficient

PrPSc were analysed in each experiment. A single inoculum

from wild-type 79A, ME7 or 301C (termed 129-79A, 129-ME7

and 129-301C, respectively) was considered sufficient

because the infectious properties in these cases are well

characterised.
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Glycosylation determines the characteristics of

TSE strain 79A

As 79A produced clinical disease in G1, G2 and G3 mice in

the previously reported primary passage experiments

(Tuzi et al, 2008), we were able to analyse the effect of

sugars at both N-linked glycosylation sites of PrPSc by strain

typing in the wild-type panel (C57, VM and CVF1 mice).

G1-79A. Wild-type mice (129Ola) were injected intracere-

brally (i.c.) with 129-79A or with independent replicates of

G1-79A (G1-79A (a) and G1-79A (b)) (n¼ 10–12). Incubation

periods in all three wild-type mouse strains (C57, VM, CVF1)

were much longer after injection of G1-79A than of 129-79A

(Table I, Figure 2). The ranking of incubation periods also

differed for G1-79A inocula compared with the 129-79A

inoculum, indicating a change in strain properties.

Specifically, with G1-79A inocula the incubation periods in

CVF1 mice were longer than in either C57 or VM mice,

but with 129-79A the CVF1 incubation period was between

the two homozygote strains (Table I). The degree of spongi-

form degeneration in the brain was also analysed. Lesion

profiles from G1-79A- and 129-79A-infected brains differed in

the location and degree of lesions (Figure 3A–E). Specifically,

in C57 brains, differences were observed in several areas

including the superior colliculus (position G3), hypothalamus

(G4), hippocampus (G6), septum (G7) and mesencephalic

tegmentum (W2) (Figure 3A); in VM mice in the hypothala-

mus (G4), hippocampus (G6) and forebrain cortex (G9)

(Figure 3B); in CVF1 mice mostly in the superior colliculus

(G3), mesencephalic tegmentum (W2) and pyramidal tract

(W3) (Figure 3C); and in 129Ola mice only in the superior

colliculus (G3) (Figure 3D). By contrast, no differences were

noted between first and second passages of G1-79A in G1

mice (Figure 3E) indicating the strain had stabilised after the

first passage in G1 mice.

Immunohistochemical analysis of 129-79A injected into

the wild-type panel showed diffuse, widespread accumula-

tion of fine punctate deposits of PrP in the hippocampus

(Figure 4A–C). Multiple areas were affected including the

cortex, caudate, septum, hippocampus, hypothalamus, tha-

lamus, midbrain, brain stem and cerebellum (not shown).

G1-79A inoculated into C57 and CVF1 mice showed a

similar pattern and distribution of PrP immunostaining

Figure 1 Western blot analysis of differentially glycosylated PrPSc in
the inocula. Example of PrPSc from 79A infected brains after passage
through 129Ola wild-type, G1, G2 and G3 mice, and a diagram
of the glycosylation pattern of PrP in the four mouse genotypes.
(A) Wild-type brain after PK digestion showing PrPSc that comprises
di, mono and unglycosylated isoforms because both glycosylation
sites at codons 180 and 196 are preserved. (B) G1 inoculum expres-
sing PrPSc lacking the diglycosylated isoform because the 180 glyco-
sylation site has been abolished. (C) G2 inoculum with PrPSc lacking
the diglycosylated isoform because the 196 glycosylation site has been
abolished. (D) G3 inoculum expressing totally unglycosylated PrPSc

because both 180 and 196 glycosylation sites have been modified.

Table I Incubation time in the wild-type mice panel

Donor mouse Recipient mouse strains. Incubation period (days)

Mouse strain Clinical disease Pathological lesions Incubation period (days) C57 VM CVF1

129-79A þ þ 161 142 (±3.1) 249 (±7.5) 235 (±4.9)
G1-79A(a) þ þ 155 428 (±7.7) 452 (±18.1) 558 (±10.6)
G1-79A(b) þ þ 244 422 (±22.5) 469 (±15.5) 572 (±12.8)

129-79A þ þ 142 168 (±5.1) 289 (±8.1) 215 (±2.3)
G2-79A(a) þ þ 135 177 (±4.7) 193 (±7.8) 243 (±7.0)
G2-79A(b) þ þ 148 174 (±5.5) 187 (±5.5) 243 (±10.1)

129-79A þ þ 152 151 (±6.0) 268 (±6.8) 240 (±6.0)
G3-79A(a) þ þ 456 205 (±4.3) 341a 312 (±8.4)
G3-79A(b) � þ (722 dpi)b 173 (±1.2) 194 (±15.7) 293 (±6.4)

129-ME7 þ þ 162 168 (±2.7) 322 (±2.3) 256 (±3.1)
G2-ME7 þ þ 162 169 (±2.3) 331 (±4.8) 261 (±3.9)
G2-ME7 þ þ 156 171 (±2.4) 329 (±4.6) 259 (±3.7)

129-301C þ þ 165 189 (±2.1) 330 (±8.6) 536 (±4.6)
G2-301C þ þ 351 203 (±2.1) 361 (±10.2) 568 (±8.8)
G2-301C þ þ 358 211 (±3.7) 374 (±7.8) 591 (±15.2)

C57 (Prnpaa), VM (Prnpbb) and CVF1 (Prnpa/b) mice were challenged with brain homogenates from 129, G1, G2 or G3 mice previously
infected with 79A, ME7 or 301C (Tuzi et al, 2008). The incubation period was measured as the number of days (±s.e.m.) between prion
challenge and appearance of clinical signs of disease.
a

One mouse from this group was diagnosed positive for TSE disease. It was culled 341 days post injection. Eight other mice in this group
survived beyond 341 days (432–670 days) without showing clinical or pathological signs of TSE infection.
b

The donor mouse for this passage was culled 722 days post injection without showing clinical signs of TSE disease. It had pathological signs
of TSE infection.
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(Figure 4D and F). Again the hippocampus and thalamus

were consistently targeted. In addition, a peculiar patchy

pattern of PrP deposition was observed in several areas of

the brain, particularly the hippocampus and cortex in VM

mice injected with both G1-79A (Figure 4E). A marked

intense staining was observed in the dentate gyrus of the

hippocampus often accompanied by a milder staining pattern

in the stratum lacunosum-moleculare (Figure 4E). Overall,

alterations in ranking of incubation period, lesion profile and

PrP deposition strongly suggest that G1-79A exhibits novel

strain properties, clearly distinct from 129-79A.

G2-79A. Two independent brain homogenates from 79A-

infected G2 mice (G2-79A(a) and G2-79A(b)) and one from

wild-type mice (129-79A) were injected into the strain-typing

panel (n¼ 10–12). There was a distinct difference in ranking

of incubation times in the different mouse lines between

the 129-79A and G2-79A transmissions (Table I, Figure 2B).

C57 and CVF1 mice inoculated with G2-79A(a) and (b) brain

homogenates succumbed to disease with slightly longer

incubation times than 129-79A. However, in the VM mice

B100 days difference in incubation times were observed

between the 129-79A and G2-79A inocula (a) and (b). No

difference of lesion profiles in the brain was observed be-

tween the wild-type mouse strains, C57, VM, CVF1, and 129

and G2 mice infected with 129-79A or G2-79A (Figure 3F–J).

In addition, there were no consistent differences in C57, VM

or CVF1 mice infected with 129-79A or G2-79A observed by

immunohistochemistry (Figure 4A–C and G–I). Thus, while

an important component of strain properties namely the

ranking of incubation periods between mouse strains is

altered here, other criteria namely vacuolation profile and

PrP deposition remain constant. The incubation period

properties of G2-79A observed here resembled those of the

139A TSE strain, namely a shorter incubation period in VM

mice than 79A, and specifically a shorter incubation period

than in CVF1 mice for both strains (Bruce, 2003). No other

phenotypic differences, for example, in lesion profiles,

between 79A and 139A have been identified in these mouse

strains and this was the case for the G2-79A passes.

G3-79A. The effect of removing both glycans from PrPSc on

the properties of 79A was also determined by comparing two

separate G3-79A brain homogenates with one sample of fully

glycosylated 129-79A in the strain-typing panel. The ranking

of incubation periods in the different mouse strains differed

both between the two G3-79A isolates and the 129-79A

sample (Table I, Figure 2C). Of note, VM mice developed

clinical disease in a much shorter incubation period with the

G3-79A(b) inoculum than the 129-79A inoculum (Table I).

In the case of the second isolate G3-79A(a) only one VM

mouse succumbed to infection after 341 days while eight

mice showed no clinical or pathological signs of infection,

five mice surviving more than 600 days.

The spongiform degeneration (Figure 3K–N) in C57, CVF1

and 129 mice inoculated with 129-79A and G3-79A was

remarkably similar in C57 and CVF1 mice (Figure 3K and

M). However, differences were observed in the lesion profile

in VM mice inoculated with G3-79A(b) when compared to

VM mice inoculated with 129-79A. Vacuolation was targeted

to different areas including cerebellar cortex (G2), superior

colliculus (G3), hippocampus (G6), septum (G7), cerebral

(G8) and forebrain cortex (G9) and the pyramidal tract (W3)

(Figure 3L). There was little difference in the lesion profiles

between the first and second passages of 79A in G3 mice

(Figure 3O). Results from immunohistochemical analysis

were similar to those for G1-79A (see above) (Figure 4J–L),

in particular, a widespread patchy pattern of PrP deposition

was seen in VM mice inoculated with G3-79A similar to that

observed in VM mice inoculated with G1-79A (Figure 4E).

This pattern of PrP accumulation was particularly evident in

the hippocampus with the most intense staining in the

dentate gyrus. Overall these results suggest that G3-79A

also exhibits phenotypic properties clearly distinct from

129-79A and resembling those of the 139A TSE strain, but

that it was present at low titre in the inoculum since only one

out of eight VM mice succumbed to infection with G3-79A(a)

(Table I). Incubation periods in the other mouse strains were

longer than in mice infected with 129-79A by similar

amounts. However, it cannot be ruled out that another

novel strain may also be present.

Figure 2 Incubation period analyses of passages of 79A through
G1, G2 and G3 mice. The 79A TSE strain was passaged in glycosyla-
tion-deficient mice (first pass). Passages were established from one
129 mouse (passage from 129) or two G1, G2 or G3 mice (pass from
G1/G2/G3) in C57, VM or CVF1 mice or repassaged in glycosyla-
tion-deficient mice. The graphs show the incubation period for each
mouse strain for each passage. (A) Passage through G1 mice, (B) G2
passage through G2 mice and (C) passage through G3 mice. The
small yellow triangle and arrow indicate the single positive case in
VM mice in the G3-79A(a) passage.
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Strain characterisation by the SSCA. To determine whether

79A had altered its properties after passage through G1, G2 or

G3 mice and resembled either 79A or 139A, we examined the

different TSE strains by the SSCA. In this assay, N2a neuro-

blastoma-derived PK1 cells were exposed to a serial dilution

of a TSE-infected sample in the presence or absence of

specific inhibitors, passaged for three splits and the propor-

tion of PrPSc-containing cells was plotted against the sample

dilution (Klohn et al, 2003; Mahal et al, 2010; Browning et al,

2011; Oelschlegel et al, 2012). We arbitrarily define the

response index (RI) as the reciprocal of the dilution at which

600 of 20 000, or 3% of the cells, became infected. We have

reported that 79A and 139A can be distinguished by their

distinct susceptibility to two inhibitors, kifunensine (kifu)

and swainsonine (swa), when assayed on PK1 cells

(Browning et al, 2011; Oelschlegel et al, 2012). Figure 5A

shows that kifu strongly inhibited infection of PK1 cells by

129-79A but had little effect on 139A. G3-79A did not differ

from the original 129-79A, however, G2-79A was largely

kifu resistant and thus distinct from 129-79A, and, while
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resembling 139A, was not identical with it. As summarised in

the bar graph (Figure 5C) log[RIPK1/ RIPK1þ kifu] (blue bars) of

G2-79A (0.45, 0.47) was clearly distinct from 129-79A and

G3-79A (2.6 to 43.0), and, while closer to the value of 139A

(0.19), still significantly differed from it (P¼ 0.05; Figure 5D).

By the same token, log[RIPK1/RIPK1þ swa] (red bars) for

129-79A and G3-79A were similar (1.04, 0.85, 0.88 and

0.90) and significantly different from G2-79A (0.54, 0.59)

and 129-139A (0.48) (Figure 5D). Due to the low levels of

infectivity of G1-79A brains (Figure 5A and B), we were

unable to determine whether the strain characteristics were

different from those of 129-79A. In summary, the SSCA

confirms the conclusion from strain typing, namely that

G2-79A differs from the original 129-79A and resembles

139A, without being identical to it.

Lack of glycans at PrP position 196 does not change the

infectious properties of TSE strain ME7

In order to analyse the effect of passaging ME7 in G2 mice,

two distinct G2-ME7(a) and (b) and one 129-ME7 isolate

were injected i.c. into the wild-type mouse panel (Table I,

Figure 6A). The ranking of incubation periods was the same

regardless of the glycosylation status of PrPSc in the ME7

inoculum, namely C57oCVF1oVM. No differences were

observed between the spongiform profiles generated by

129-ME7 and G2-ME7 in the brains of the wild-type C57

and VM mice (Figure 7A–E). However, the second passage

in G2 mice resulted in shorter incubation periods (Table I,

Figure 6A) and altered lesion profiles (Figure 7E: G3, superior

colliculus, G4, hypothalamus and G5, medial thalamus),

suggesting a change in phenotype was detectable only after

second passage in the G2 mice.

Immunohistochemical analysis showed that the

anatomical distribution of PrP in brains of mice infected

with 129-ME7 or G2-ME7 was similar in every host analysed.

All brains showed a typical ME7 deposition pattern charac-

terised by a widespread, diffuse fine punctate PrP deposition

in various areas of the cerebrum, cerebellum and brain

stem; again, similarly to 129-79A, the hippocampus was

consistently targeted (Figure 8A). In some animals small

PrP-positive plaques were seen in the corpus callosum

(Figure 8B, E and F). Therefore, the PrPSc targeting associated

with the ME7 strain was not affected by the PrP glycosylation

status of the ME7-derived inoculum.
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Figure 4 PrP deposition in wild-type mouse brains after infection with 79A passaged in G1 G2, G3 or 129 mice. (A–C) 129-79A, (D–F) G1-79A,
(G–I) G2-79A, (J–L) G3-79A passaged through C57, VM and CVF1 mice respectively. Widespread diffuse pattern of PrP deposition was
observed in all brains irrespective of the inoculum with which they had been infected, with the hippocampus consistently targeted. A patchy
pattern of PrP staining was observed in the hippocampus in VM mice infected with G1-79A (E) and G3-79A (K), intense band of staining
observed in the dentate gyrus. CC indicates the corpus callosum, LM: lacunosum-moleculare, DG: Dentate gyrus. Sections stained with 6H4
antibody. Scale bar¼ 400mm.
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Lack of glycans at PrP position 196 in G2 mice does not

change the infectious properties of TSE strain 301C

The BSE-derived strain 129-301C and two distinct G2-301C

inocula, (a) and (b), were injected into wild-type mice

(Table I, Figure 6B). As for ME7, the ranking of incubation

periods for 301C in the different lines of wild-type mice was

the same regardless of the glycosylation status of PrPSc in the

infectious inoculum, namely C57oVMoCVF1 (Figure 6B).

The distribution of vacuolar lesions in the brain of clinically

sick animals infected with 129-301C or G2-301C inocula was
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Figure 5 Characterisation of 129-79A, G1-79A, G2-79A and G3-79A by the SSCA. The SSCA was performed on PK1 cells in the absence (blue)
or presence of the glycosylation inhibitor kifunensine (kifu, pink). The RI is the reciprocal of the brain homogenate dilutions giving rise to 600
spots. (A) Samples were assayed in the absence (blue) or presence (red) of kifunensine (kifu). The ratios RI�kifu/RIþ kifu for 129-79A and G3-
79A are similar (4370), and more than 200 times higher than for 129-139A (1.6) and G2-79A (2.7, 3.0). The difference between 129-139A and
G2-79A is statistically significant (see D). (B) Samples were assayed in the absence (blue) or presence (red) of swainsonine (swa). The ratios
RI� swa/RIþ swa for 129-79A (9.6, 7.0, 6.7) and G3-79A (8.0) are indistinguishable, but about twice as high as for 129-139A (3.2) and G2-79A
(3.5, 4.0), which are also indistinguishable. (C) Bar diagram showing the log RI ratios of PK1/PK1kifu (blue bars) and PK1/PK1swa (red bars).
The ratios of the log RIs are also shown above the bars indicating two distinct groups: ratios 42.6 for 79A-like strains and o1.0 for 139-like
strains. (D) Matrix of log RI ratios of PK1/PK1kifu (blue squares) and PK1/PK1swa (red squares). Statistical analysis (unpaired t-test) was
performed using raw data from each well of the assay after removing background signal. * To *** represent P-values from 0.03 to o0.0001,
respectively; ns, not significant. The apparent non-identity (*) between 129-79A (FL) and 129-79A(B1) is unexplained. The figure shows that
129-79A and G3-79A are indistinguishable with both kifu and swa and differ from 129-139A and G2-79A, which are similar but not identical.
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similar in all the grey and white matter areas (Figure 7F–J),

showing that they were similar despite different glycosylation

status. Overall there was no change in the incubation period

or lesion profile phenotype of G2-301C when passaged

back into wild-type mice. However, the incubation period in

G2 mice shortened at second passage, although there was

little change in the lesion profiles. This may be due to a

change in phenotype expressed in G2 mice only.

There was a similar pattern of PrP deposition in the wild-

type panel of mice inoculated with 129-301C and G2-301C

(Figure 9). In most animals analysed widespread accumula-

tion of fine punctate PrP deposits were seen in the cerebrum

cerebellum and brainstem. The brain areas most consistently

affected are the thalamus, midbrain and brainstem.

Discussion

Here we have demonstrated both in vivo and in vitro that

partial or complete removal of N-glycosyl moieties from PrP

allowed change to occur to the phenotypic characteristics

of one TSE agent strain, but did not affect the properties of

two other strains in wild-type mice. These changes could be

successfully retained on passage in mice, that is, they demon-

strated heritable change of information. In describing these

changes, we use the word ‘mutation’ to designate heritable

changes regardless of the underlying molecular mechanism.

The 79A strain readily infected G1 mice but with an altered

phenotype, suggesting that there was mutational change on

passage of 79A in G1 mice that resulted in a short incubation

period phenotype in G1 but a long incubation period pheno-

type in the C57, VM and CVF1 mouse panel. This conclusion

is supported by the data from the SSCA, which showed a

novel response to G1-79A brain homogenate. The barely

detectable signal in SSCA could mean either there is very

little infectivity in the sample, or that it is a novel strain which

cannot infect PK1 cells as efficiently as 129-79A, G2-79A or

G3-79A. However, high levels of infectivity are indicated by

the transmissions to mice of the same samples assayed in

SSCA, thus indicating a novel strain with lower specific

infectivity for PK1 cells.

79A also readily infected G2 mice, with little apparent

difference in incubation period and no change in lesion

profiles compared to the wild-type mouse panel. After one

passage in G2 mice, G2-79A showed the 139A incubation

period phenotype when tested in C57, VM and CVF1 mice.

These data are consistent with preferential selection in G2

mice of the strain that gives rise to the 139A phenotype

(Bruce, 2003). This conclusion is supported by the data from

the SSCA analysis, where G2-79A brain homogenate showed

properties resembling those of 139A more than 79A.

The incubation period data from the G3-79A(b) isolate are

consistent with a low titre of 139A giving longer incubation

periods for this sample in all mouse strains than is observed

with the higher titre samples that are normally assayed. The

titre of the G3-79A(a) sample may be even lower, as indicated

by low levels of infection of VM mice (one positive case in

nine). It is not possible from the incubation period of the

single VM mouse to say whether the 79A or the 139A

phenotype was observed. It is likely that titre differences

were primarily responsible for the difference between the two

G3-79A passages. The donor for G3-79A(a) had a much

shorter incubation period and much less vacuolation, indi-

cated by a lower lesion profile than the donor for G3-79A(b).

Both G3-79A(a) and G3-79(b) resembled those observed with

low titres of a 79A/139A-like strain in C57 and CVF1 mice.

The original strain may have been carried over or replicated

very poorly in the G3 mice. This interpretation is supported

by the very long incubation period at first passage in G3 mice,

with longer incubation periods at second passage. This

contrasts with the passages in G1 mice. Thus, either a low

titre of 139A was detected or a novel strain had emerged. The

detection of 79A properties by SSCA favours the survival and

limited replication of the 79A and/or 139A at low titres in G3

mice, rather than the emergence of a new strain. In the SSCA,

G3-79A was indistinguishable from 129-79A. There was no

indication of a low titre of 139A since the 79A pattern was

dominant.

G2-ME7 readily passaged into G2 mice, with similar

incubation periods to wild-type mice. There was no change

in lesion profile in wild-type mice, suggesting no change in

phenotypic properties. There was a shortening of incubation

periods at second passage in G2 mice, with concomitant

change in lesion profile. These data suggest a mutational

change of ME7 on passage of ME7 in G2 mice, which only

affects phenotypic properties in G2 mice. Similarly no differ-

ences in the phenotypic properties of G2-301C were detected

in the wild-type mouse panel after passage in G2 mice.

However, incubation periods of first passage of 129-301C in

G2 were longer than those in wild-type mice but were shorter

at second passage, with little change in the lesion profiles.

These data are consistent with a mutational change to

G2-passaged 301C, which does not affect lesion profiles

or interactions with wild-type mice.

Figure 6 Incubation period analyses of passages of ME7 and 301C
through G2 mice. The ME7 TSE strain (A) and 301C, BSE-derived
strain (B) were passaged in glycosylation-deficient mice (first pass).
Passes were established from one 129 mouse (pass from 129) or two
G2 mice (pass from G2) in C57, VM or CVF1 mice or repassaged
in glycosylation-deficient mice. The graphs show the incubation
period for each mouse strain for each passage.
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Thus, changing the glycosylation status of the host PrP

resulted in a significant phenotypic change to 79A, particu-

larly when passaged in G1 mice. Changes to ME7 and 301C

passaged in G2 mice were not detected on subsequent

passages in wild-type mice. This study is the first to demon-

strate, both in vivo and in vitro, that post-translational

modifications can significantly change the phenotypic char-

acteristics of a TSE agent.

Do glycan or amino acid changes cause changes

in TSE agents?

Because glycosylation was prevented by substituting threo-

nine (Thr) for asparagine (Asn) at positions 180 (G1), 196

(G2) or at both positions (G3), we must consider the possi-

bility that the effects ascribed to lack of glycosylation were

partly or entirely due to the changes in the amino-acid

sequence per se (Tuzi et al, 2008). Previous studies perfor-

med by us in these transgenic mice, and by others using

different amino-acid substitutions to generate glycosylation-

deficient PrP (Neuendorf et al, 2004), produced similar

results at primary passages in three of the six combinations

of TSE strains and mice with glycosylation-deficient PrP.

These comparisons show that the changes in glycosylation

status of PrP rather than the changes in amino-acid sequence

were probably responsible for the change in TSE agent

interaction with the host (Neuendorf et al, 2004; Tuzi et al,

2008), but do not completely rule out the possibility that

amino-acid changes per se were responsible for the changes

in TSE agent properties, as is the case for the three other

combinations of TSE agent and mice with glycosylation-

deficient PrP.

The present study also showed a dramatic difference

between G1-79A and G3-79A, and also a difference between

G2-79A and G3-79A despite G3 mice having the same amino-

acid changes to PrP as G1 and G2. Ikeda et al (2008) reported

that preventing glycosylation by replacing the Asn residues at

both glycosylation sites with a series substitutions at the Asn

sites (N180 or N196) or Thr sites (T182 or T198) did not

prevent TSE-infected ScN2a cells from producing PrPSc.

Moreover, amplification of two TSE strains (RML and 301C)

using sPMCA and enzymatically deglycosylated mouse PrPC

in vitro failed to show any changes in TSE agent phenotype

Figure 8 PrP deposition in wild-type mouse brains after infection with ME7 passed in G2 or 129 mice. Diffuse widespread accumulation of
abnormal PrP was observed throughout the hippocampus, this distribution was observed in both wt (A–C) and G2-ME7 (D–F) inoculated
animals. Small plaques where also observed in the corpus callosum (B, E, F) but this was variable. CC indicates the corpus callosum, LM:
lacunosum-moleculare, DG: Dentate gyrus. Sections stained with 6H4 antibody. Scale bar¼ 400mm.

Figure 9 PrP deposition in wild-type mouse brains after infection with 301C passed in G2 or 129 mice. There was a similar pattern of PrP
deposition in both groups of mice inoculated with 129-301C (A–C) and G2-301C (D–F), with a targeted pericellular form observed in the dentate
gyrus and CA2 sector of the hippocampus. CC indicates the corpus callosum, LM: lacunosum-moleculare, DG: Dentate gyrus. Sections stained
with BH1 antibody. Scale bar¼ 400mm.
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(Piro et al, 2009). Changes in the strain phenotype observed

are therefore probably due to the changes in the glycosylation

status and not amino-acid replacement.

Switching between 79A and 139A phenotypes

In the glycosylation-deficient mice we have observed switch-

ing between the two closely related strains 79A and 139A,

a phenomenon previously observed several times in other

contexts. These two strains and RML all came from the

Drowsy Goat source of scrapie. RML has shown properties

similar to 79A rather than 139A on two occasions (Carlson

et al, 1986; Oelschlegel et al, 2012). Switching of phenotypic

properties between 79A and 139A has been observed several

times in the Edinburgh series of passages of these strains

(Dickinson et al, 1984) and by Carp et al (1997). When 139A

was passaged in PK1 cells and returned to mice, a strain

indistinguishable from 79A was recovered (Oelschlegel et al,

2012). In the present experiments, G2 mice appear to favour

the replication of the 139A phenotype. However, there is

some evidence of both strains being present in G3 mice,

albeit at very low effective titres since the incubation period

data for G3-79(b) appear similar to the 139A phenotype

allowing for a very low titre, whereas the 79A phenotype

was observed by SSCA.

Switching between strains may be due to a single heritable

change or mutational switch that occurs at a sufficiently high

frequency for both strains to be present in samples with high

titres. Subtle advantages for one or the other strain can allow

either strain to emerge from the donor strain. Replication

of the ‘genetic’ information of TSE agents therefore proceeds

at rates dependent on the environment in which replication

takes place. In the current experiments removing the carbo-

hydrate moieties of PrP changes the environment in which

replication takes place and in the case of 79A and 139A this

change favours 139A.

Conclusion

Mutational change to TSE strains has long been recognised,

probably occurring stochastically (Bruce and Dickinson,

1987; Kimberlin et al, 1987). Recently, it has been shown

that TSE strains can mutate and be subject to selection in the

presence of drugs (Ghaemmaghami et al, 2009; Li et al, 2010)

or other alterations in the host environment, such as

glycosylation status (Li et al, 2010; Mahal et al, 2010). We

have shown that glycosylation can be important in allowing

selection of a mutant strain from 79A. According to the prion

hypothesis, a population of TSE agent infectious units

comprises many different PrPSc conformations, of which

only one or a few form a majority in a particular host,

constituting a quasi-species (Peretz et al, 2002; Collinge,

2010; Li et al, 2010; Weissmann et al, 2011). However,

evidence for large numbers of conformations is not

established nor is it clear whether all the required confor-

mations would be sufficiently thermodynamically stable.

Alternatively, heritable change, that is, mutation, would

require change, insertion or deletion of one or more

nucleotides in a putative TSE nucleic acid genome

(Somerville, 2002), as is the case for any virus or other

living organism with a nucleic acid-based genome.

Our data for 79A can be explained if the 79A population is a

quasi-species comprising multiple sub-species, including 79A

and 139A, some of which replicate more efficiently than

others in the presence of mono- or unglycosylated PrP. In

populations of other microorganisms, such as RNA viruses,

the concomitant presence of multiple genotypes, or quasi-

species, has been detected, with the fittest genotype being the

prevalent one (Domingo et al, 1978; Eigen, 1996). The two

other strains, ME7 and 301C, appeared to be unaffected by the

change in glycosylation status, suggesting these strains did

not produce mutants that replicated more successfully in the

glycosylation-deficient mice.

In summary, the experiments reported here show that TSE

infectivity can replicate in mice with glycosylation-deficient

PrP (G1, G2 and G3), but with TSE strain-specific responses.

Changes in the glycosylation status of PrP in the inoculum

affected strain properties in some cases but not others,

demonstrating that the carbohydrate moieties are not essen-

tial to TSE replication or retention of strain-specific proper-

ties. Indeed despite the partial or complete absence of the

carbohydrate moieties on PrP, TSE strain properties were

maintained, or in the case of 79A altered to 139A in a similar

fashion to changes taking place in wild-type mice. In other

cases strain properties changed and a new TSE agent

phenotype emerged. Overall these results demonstrate that

the glycosylation status of host PrP can affect the replication

and selection of the fittest TSE strain in that environment but

that TSE strain properties are independent from host PrP.

Material and methods

Mouse strains
C57BL/Dk (referred to as C57 in this work), VM/Dk (referred to as
VM) and C57BLxVM (referred to as CVF1) wild-type mouse strains
were used. These mouse strains carry different alleles of murine
PrP, defined by polymorphisms at codons 108 (leucine or phenyla-
lanine) and 189 (threonine or valine) that distinguish the Prnpa

allele (108L/189T) from the Prnpb allele (108F/189V) (Westaway
et al, 1987). These amino acids have a role in determining the
incubation period of the host to different TSE isolates (Moore et al,
1998; Barron et al, 2005). The C57 strain is classified as Prnpaa, VM
as Prnpbb and CVF1 resulting from the cross between C57 and VM is
a Prnpa/b heterozygous line. These particular lines of mice are used
because the combinations of TSE strain and mouse genotype
produce very characteristic disease phenotypes that define the
different strains (Bruce et al, 1991; Bruce, 2003).

Preparation of the inoculum and injections
Inocula (0.1% weight/volume (w/v) in physiological saline) were
prepared from brain tissues of 129/Ola (referred to as 129) wild-
type mice or G1 (with the N180T mutation that abolishes the first
glycosylation site on PrPC), G2 (with the N196T mutation that
abolishes the second glycosylation site on PrPC) and G3 (with the
mutations N180T and N196T that abolish both glycosylation
consensus sites on PrPC) transgenic mice infected with ME7, 79A
or 301C TSE strains (Tuzi et al, 2008). Inocula for the first passes of
79A, ME7 and 301C were prepared from standard pass lines of these
strains maintained in C57BL/Dk mice. C57, VM and CVF1 wild-type
mice (Bruce et al, 1991) were challenged by i.c. injection with 20ml
of inoculum. All groups were age and sex matched. Full local
ethical approval for use of experimental animals was acquired.
All experiments were carried out under licence and in accordance
with the UK Home Office Regulations (Animals (Scientific
Procedures Act) 1986).

Scoring of clinical TSE disease
The presence of clinical TSE disease was assessed as described
previously (Fraser and Dickinson, 1967) without reference to
the genotype of the mouse. Genotypes were confirmed for each
animal by PCR analysis of tail DNA at the end of the experiment.
Incubation times were calculated as the interval between
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inoculation and cull due to terminal TSE disease. Mice were killed
by cervical dislocation at the terminal stage of disease, at
termination of the experiment (between 500 and 700 days), or for
welfare reasons due to intercurrent illness.

Western blotting
Mice were killed by cervical dislocation and brains were removed,
flash frozen in liquid nitrogen and then stored at � 701C until
required. Brain homogenates (10% w/v) were prepared in NP40
lysis buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 150 mM
NaCl, 50 mM Tris-HCl pH 7.5 and 1 mM PMSF). The homogenate
was centrifuged at 16 000 r.p.m. for 10 min at 41C and supernatant
fluid isolated. Total protein was denatured in 1� Novex
Tris-Glycine SDS Sample Buffer (Invitrogen Life Technologies) and
1� NuPage Sample Reducing Agent (Invitrogen Life Technologies)
for 30 min at 951C. Proteins were separated by gel electrophoresis at
125 V using 12% Novex Tris-Glycine gel (Invitrogen Life
Technologies) and transferred to polyvinylidene fluoride membrane
at 2 mA/cm2 gel using a semi-dry transfer blotter (Biorad) in 1�
Transfer Solution (48 mM Tris, 39 mM glycine, 0.375% sodium
dodecyl sulphate, 20% methanol). Presence of PrP was assessed
using the anti-PrP monoclonal antibodies 8H4 or 7A12 (1/10 000;
kind gift of M.S Sy) (Zanusso et al, 1998).

Lesion profiles
Lesion profile analysis in nine areas of the grey matter and three
areas of the white matter of the brain is extensively used to
characterise TSE strains (Fraser and Dickinson, 1967, 1973).
Sections were haematoxylin and eosin stained and scored for
vacuolar degeneration on a scale of 0–5 in nine standard grey
matter areas: G1, dorsal medulla; G2, cerebellar cortex; G3, superior
colliculus; G4, hypothalamus; G5, medial thalamus; G6, hippocam-
pus; G7, septum; G8, cerebral cortex; and G9, forebrain cortex,
and in three white matter areas: W1, cerebellar white matter;
W2, mesencephalic tegmentum; and W3, pyramidal tract of mice
scored clinically positive (Fraser and Dickinson, 1967).

Immunohistochemical analysis in brain
Sections were stained for disease-associated PrP using monoclonal
antibody 6H4 (Figures 4 and 8) (1/1000; Prionics) or BH1 (Figure 9)
(1:1000) (McCutcheon et al, unpublished). Antigen retrieval by
autoclaving at 1211C for 15 min and 5 min in formic acid (98%)
was used to facilitate detection of the antigens. Sections were then
blocked with normal serum prior to incubation with the primary
antibody. Antibody binding was detected with the Catalysed Signal
Amplification System (Dakocytomation) (6H4) or the Vectastain
Elite ABC kit (Vector Labs) (BH1), and visualised with 3,30-diami-
nobenzidine. In all experiments normal brain homogenate inocu-
lum and Edinburgh PrP knock-out mice (Manson et al, 1994) were
used as negative controls. Images were taken using a Nikon Eclipse
E800 microscope. Sections were analysed by an observer blinded to
the mouse genotype and type of inoculum.

Standard scrapie cell assay
Infected brains were sent to Scripps Florida from Edinburgh, UK,
and assayed by the SSCA in a blind study. Half of each brain was
homogenised in PBS to give a 10% homogenate using a ribolyser
(Mahal et al, 2010), and stored at � 801C. After thawing, samples
were rehomogenised using a 28-gauge needle immediately prior to

infecting cells. Murine neuroblastoma N2a-derived PK1 cells were
propagated in OptiMEM (Invitrogen), 4.5% BGS (HyClone, UT)
with 1% penicillin/streptomycin (Invitrogen). The SSCA was
performed as described on PK1 cells (Mahal et al, 2010), in the
absence or presence of the inhibitors kifunensine (5mg/ml; Toronto
Research Chemicals Inc.) or swainsonine (2mg/ml; Toronto
Research Chemicals Inc.). The inhibitors were added at infection
and at the first split. In summary, 5000 cells were infected with
serial 1:3 dilutions of the infectious brain homogenate from the
different TSE strains and split 1:7 every 3–4 days using a Freedom
Evo robotic workstation (Tecan). After the third split, cells were
propagated to confluence, 20 000 cells were aspirated onto the
membranes of a 96-well Immobilon-P membrane plate (Millipore)
and the plates were baked at 501C for 1–2 h. The PK-ELISA assay
was performed with primary anti-PrP antibody D18 (Williamson
et al, 1998) and anti-human AP-conjugated secondary antibody as
described (Mahal et al, 2010). PrPSc-positive cells were counted
using the BioReader 5000-Eb (Biosys) and spot number was plotted
against log10 of sample dilution, using GraphPad Prism. The RI, a
relative measure of the level of infectivity on cells under the
conditions of the assay, is the reciprocal of the dilution that yields
an arbitrary percentage (in this paper, 3%) of PrPSc-positive cells
(Mahal et al, 2007, 2010).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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