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ABSTRACT

In lethal prion neurodegenerative diseases, misfolded prion proteins (PrP%°) replicate by redirecting the folding of the cellular
prion glycoprotein (PrP€). Infections of different durations can have a subclinical phase with constant levels of infectious parti-
cles, but the mechanisms underlying this plateau and a subsequent exit to overt clinical disease are unknown. Using tandem bio-
physical techniques, we show that attenuated accumulation of infectious particles in presymptomatic disease is preceded by a
progressive fall in PrP€ level, which constricts replication rate and thereby causes the plateau effect. Furthermore, disease symp-
toms occurred at the threshold associated with increasing levels of small, relatively less protease-resistant oligomeric prion par-
ticles (oPrP*°). Although a hypothetical lethal isoform of PrP cannot be excluded, our data argue that diminishing residual PrP¢
levels and continuously increasing levels of oPrP*° are crucial determinants in the transition from presymptomatic to symptom-
atic prion disease.

IMPORTANCE

Prions are infectious agents that cause lethal brain diseases; they arise from misfolding of a cell surface protein, PrP€ to a form
called PrP*¢, Prion infections can have long latencies even though there is no protective immune response. Accumulation of in-
fectious prion particles has been suggested to always reach the same plateau in the brain during latent periods, with clinical dis-
ease only occurring when hypothetical toxic forms (called PrP" or TPrP) begin to accumulate. We show here that infectivity pla-
teaus arise because PrP€ precursor levels become downregulated and that the duration of latent periods can be accounted for by
the level of residual PrP, which transduces a toxic effect, along with the amount of oligomeric forms of PrP,

Prions are proteinaceous, infectious particles responsible for a
group of incurable neurodegenerative diseases in humans and
animals. A posttranslationally misfolded version of the cellular
prion protein (PrP<), known as PrP%, is the primary component
of a prion and propagates by acting as a template for the confor-
mational conversion of PrP€ substrate (1). Analysis of brain ma-
terial by prion bioassays has shown that infectivity plateaus can
exist early during disease, suggesting that infections can be divided
into an infectivity phase and a toxicity phase (2—4). The accumu-
lation of a hypothetical toxic PrP form (PrPY, “L” for lethal), dis-
tinct from PrP%¢, has been proposed to explain the transition from
a subclinical phase to the appearance of clinical signs and progres-
sion to end-stage disease at the time when the prion levels plateau.
It has been further suggested that prions are infectious, but non-
toxic, entities that act as a catalyst for the generation of toxic PrP"
at a rate with direct proportionality to PrP< expression levels in
the animal models used for these experiments (2). However, this
hypothetical protein has yet to be isolated.

In other studies, based on falling levels of the PrP-like Shadoo
(Sho) protein, we recently demonstrated that the extended
asymptomatic stage encompasses a different chemical parameter,
namely, the posttranslational downregulation of PrP® levels (5).
We surmised that a functional relationship might exist between
the PrPS downregulation seen at disease endpoint (“APrPS,” as
measured against mock-infected control mice) in different prion
diseases and the formation of PrP* measured by conformation-
dependent immunoassay (CDI) (5). We explored this relationship
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for RML, 1394, Sc237, and CJD prion isolates using an in vitro
protein misfolding cyclic amplification system (6, 7). In titrated
amplification reactions using low rPrP° concentrations (to model
an early stage in disease), a 30% decrease in PrP“ substrate pro-
duced a 54% drop in replication rate (from 118- to 54-fold) of
protease-resistant PrP5¢ (5). However, these earlier studies neither
addressed the full time course of disease nor the formation of
infectious prion particles. Here, we used standard scrapie cell as-
say (SSCA) data to better understand the relationship between the
infectivity plateau and substrate reduction in mice of three geno-

types.
MATERIALS AND METHODS

Mouse lines, prion bioassays, and brain homogenates. TgPrnp mice (ab-
breviated to Tg20 [8]), a low-expresser Tg line (Tg.Prup-AL), wild-type
(wt) mice (Prnp” *), and hemizygous Prnp-null mice (PrnpO/ *) were
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used as described previously (5) in accordance with the Canadian Council
on Animal Care and were approved by the Institutional Animal Care and
Use Committees at the University of Alberta. Mice were inoculated at ~6
weeks of age with 30 to 50 pl of 1% (wt/vol) brain homogenate containing
RML mouse-adapted scrapie prions. The mice were sacrificed in a time
course regimen designed to monitor changes in PrP and infectivity over
the complete duration of the disease. These animals were monitored over
this period for neurological signs associated with RML prion disease, in-
cluding ataxia, a rigid tail, kyphosis, a bobbing head, and a rough coat.
PrnpO/+ mice were sacrificed on days 1 (n = 4), 60 (n = 4), 100 (n = 4),
140 (n = 4), 180 (n = 4; 0/4 were exhibiting prion disease symptoms), and
363 (n = 2) postinoculation when all animals reached terminal end-stage
disease, as judged by symptomatic progression. Prip*/* mice were sacri-
ficedondays 1 (n=3),30 (n =3),60 (n=3),100 (n = 3), 140 (n = 3; first
symptomatic time point for 2/3), and 162.67 = 7.84 (n = 3) postinocu-
lation when all animals reached terminal end-stage disease, as judged by
symptomatic progression. 7¢20 mice were sacrificed on days 1 (n = 3), 15
(n=13),30(n=3),45 (n = 3),60 (n = 3; first symptomatic time point for
2/3), and 65 (n = 3) postinoculation when all animals reached terminal
end-stage disease, as judged by symptomatic progression. Brain homog-
enate was made by serial passage through needles at 10% (wt/vol) in
phosphate-buffered saline (PBS; pH 7.4).

Sucrose gradient evaluation. Velocity gradient centrifugation was
used to separate monomeric, oligomeric, and high molecular assemblies
of PrP as previously described (5). Briefly, the 400-ul aliquots of 10%
brain homogenate containing 2% Sarkosyl were clarified and applied to a
10 to 45% sucrose gradient prepared in PBS (pH 7.4) containing 1%
Sarkosyl. Ultracentrifugation was performed at 237,000 X g for 73 min at
5°C. Gradient fractions were bottom harvested.

CDI evaluation of PrP€ and PrP5¢ levels, replication rate, and spe-
cific infectivity. The validation of CDI has been reported by the authors
and other laboratories (9-18). Here, we utilized the recently modified
protocol that adapts CDI to murine samples (5). First, Lumitrac 600
High-Binding 96-well plates (E&K Scientific) were coated with monoclo-
nal antibody (MAb) 8H4 (epitope 175-185) in 200 mM NaH,PO, con-
taining 0.03% (wt/vol) NaN; (pH 7.5) (19). Next, 20-ul aliquots from
each fraction containing 0.007% (vol/vol) of Patent Blue V (Sigma-Al-
drich) were directly loaded into wells prefilled with 200 pl of assay buffer
(Perkin-Elmer). Then, the captured PrP was detected by europium-con-
jugated MAb 12B2 (epitope 88-92) (20). The time-resolved fluorescence
(TRF) signals were measured by the multimode microplate reader
PHERAstar Plus (BMG LabTech).

A calibration curve was prepared with either recombinant PrP(23-
231, 129M) for samples containing full-length PrP>° or recombinant
PrP(90-231, 129M) for samples containing truncated rPrPS¢ [PrP(27-30)]
after proteinase K (PK) treatment. The PK-untreated sample containing
PrP was divided into a native and a denatured aliquot, where the latter was
denatured with 4 M guanidinium HCl for 5 min at 80°C. Using europium-
labeled 12B2 for detection, the TRF signal of native samples corresponds
to the epitope 88-92 that is exposed in a-helical PrP“ and hidden in PrP*<,
thus allowing a direct measurement of the PrP“ concentration. The signal
of the denatured aliquot corresponds to the total PrP in a sample. The
concentration of PrP>° was calculated according to the following formula:
[PrP5¢] = [PrPp] — [PrP,], where D stands for the denatured aliquot, and
N stands for the native aliquot. Next, the concentration of rPrPS was
calculated in samples subjected to PK treatment, followed by complete
denaturation using the PrP(90-231, 129M) calibration curve. The sepa-
rate calibration for the PK-treated and untreated sample is critical for
correct results due to the lower affinity of MAb 12B2 to denatured
full-length human PrP(23-231, 129M) compared to PrP(90-231,
129M). Furthermore, the concentration of sPrP> was calculated ac-
cording the following formula: [sPrP5c] = [PrP5¢] — [rPrP5¢]. Replica-
tion was defined as the increase in the value of rPrPc between two time
points, thus allowing the replication rate to be deduced by determining
the rate of change in the slope of the rPrP* values as a dy/dx function.
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Lastly, specific infectivity was defined as the amount of infectious
PrP%, and determined by measuring the units of (SSCA-estimated)
infectivity per mass of (CDI-estimated) PrP5¢ in the sample.

SSCA. SSCA was performed by exposing 1929 cells to various concen-
trations of brain homogenates (0.1 to 0.0001% [wt/vol]) for 5 days in
96-well culture plates (5, 21). The cells were passaged three times (1:4 and
1:7), with 20,000 cells collected at the third passage and loaded on to
MultiscreenHTS IP 96-well, 0.45-pm-pore-size filter plates (Millipore).
Cells were subjected to PK digestion (5 pg/ml) and subsequent denatur-
ation with 3 M guanidine thiocyanate. The enzyme-linked immunospot
(ELISpot) reaction was performed using a mouse anti-PrP antibody
(SAF83;1:1,000) and a goat anti-mouse alkaline phosphatase-conjugated
secondary antibody (1:5,000). The plates were developed using BCIP/
NBT and analyzed using an Autoimmun Diagnostika GmbH ELISpot
plate reader (ELR07). The plate reader was set at intensity 4, size 1, and
gradient 0, using algorithm B; these settings produced a background noise
level in control samples of fewer than 30 spots. Time course infectivity
data are presented with a best-line fit by nonlinear regression plotted with
GraphPad Prism software (sigmoidal function). Low-power views of
ELISpot data from the three mouse genotypes were adjusted with the same
parameters (—20% brightness, +40% contrast, and +50% sharpen).

RESULTS

Effect of PrPC expression levels on the prion infectivity plateaus.
Using brain homogenates derived from mice at end-stage with the
Rocky Mountain Laboratory (RML) isolate of scrapie prions, we
performed intracerebral inoculations on groups of mice express-
ing different levels of PrP“: Tg20 mice (also known as tga20) over-
expressing PrP© by ~6-fold (8), wild-type mice (wt; Prup™'™),
and hemizygous Prap-null mice (Prup™’®). Animals were sacri-
ficed at designated time points throughout infection, including
the terminal stage of disease. PrP® levels from these time point
studies (Fig. 1A) were determined as described previously (5),
with the SSCA with L929 cells also being used to determine the
prion infectivity of unfractionated brain homogenate (0.1% [wt/
vol]) from animals at each time point (Fig. 1B). As expected, all
three groups of animals exhibited a rapid exponential increase in
infectivity early in the incubation period. However, while wt ani-
mals tended to plateau and a plateau could be clearly discerned in
hemizygous mice, infectivity continued to rise until the Tg20 over-
expresser mice were scored as being in the terminal phase of dis-
ease. To assess whether the perceived decrease in replication rate
for infectious titers in wt and hemizygous mice was merely derived
from a “ceiling effect” of the assays performed in L929 cells, SSCA
was repeated using a further 10-fold dilution of the brain homog-
enate samples (0.01% [wt/vol]). Here, the profiles of infectivity
from the diluted samples resembled their more concentrated
counterparts, arguing against such a ceiling effect (gray traces, Fig.
1B). In contrast to the concept of a single unifying plateau value
for a given prion isolate measured in PK1 N2a cells (2, 3), the
maximum values for titers measured in 1929 cells differed signif-
icantly between wt and hemizygous mice with the same PrP allelic
type (Prnp®), where infectivity in wt mice was 1 log greater than
hemizygous mice and 2 logs greater than T¢20 mice (P < 0.0001
for both 0.1 and 0.01% homogenates; Table 1). Low-power views
of representative ELISpot filters used for the time course analyses
are presented in Fig. 1C to complement the numerical data of Fig.
1B and illustrate the plateau effect especially apparent in infected
hemizygous mice.

Relationship between PrP¢ downregulation and the prion
infectivity plateau. Infectivity continued to rise to disease end-
point in time course studies of inoculated Tg20 mice (Fig. 1B),
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FIG 1 Presence or absence of plateau effects for prion infectivity in three mouse genotypes. (A) PrP“ levels during the time course of RML infection in Tg20 (Tg.Prnp)
mice overexpressing the a allele of PrP“, wild-type mice (Prnp™/™), and mice hemizygous for the PrP gene (Prip® ™). Note the different scales for the y axes. dpi, days
postinoculation. Some data points originate from Mays et al. (5). (B) Prion titer in the same time course studies expressed as spot counts per 20,000 cells. SSCA was
performed in 1929 cells to determine infectivity for brain material in these longitudinal studies of infection (0.1% [wt/vol] homogenate plotted in black; 0.01%
homogenate plotted in gray). A red trace depicts the first derivative to represent replication rate for prion titer (spot counts) for the 0.1% (wt/vol) homogenate, with a
diminished replication rate being correlated with diminished PrP. The data represent averages = the SEM. Black arrows on the y axis indicate maximum of infectivity
values by SSCA using 0.1% (wt/vol) homogenate (1 = 8 to 16). (C) Representative low-power images of the ELISpot wells are presented for each host genotype.

although the replication rates at the last two time points [(75 *
18)-fold and (133 = 29)-fold, expressed as means * the standard
errors of the mean (SEM), at 60 and 65 days postinoculation (dpi),
respectively] were not significantly different (P = 0.1). An infec-

tivity plateau was apparent in the time course for RML infection in
Tg20 mice with sampling every single day between 60 and 65 dpi
(2, 3), compared to our sampling on days 60 and 65 dpi. Clear
attenuations for the rate of prion replication in wt and hemizy-

TABLE 1 Plateau effects and biophysical parameters of PrP isoforms in prion-infected mice?

Genotype
Parameter Tg20 mice (Tg.Prnp) wt mice (Prup™'™") Hemizygote mice (Prnp” ™)
Plateau effect for infectious particles Equivocal® Equivocal Yes
Initial PrP€ level (ng/ml)* 3,104 £ 190 1,133 £ 15 449 £ 12
Endpoint PrP€ level (ng/ml) 2,760 + 311 737 £5 218 =5

Mean percentage of PrP© = the SD at the disease end stage
(downregulation at disease endpoint)

Mean infectivity = the SD at last time point brain material (spots per
20,000 L929 cells)

Specific infectivity of unfractionated brain material (spots per ng of PrP%°)

Gradient fractions with the highest specific infectivity

89% * 12%
1,347 * 157¢
7.7 X 10°

Low M, fractions
5t09

65% * 3.9%
4,285 + 254
7.7 X 10°

Low M, fractions
5t09

48% + 3.3%
3,581 * 270°
7.2 X 10°

Low M, fractions
5t09

“ RML prion strain.

b Plateau was described by Sandberg et al. (2, 3); mice were sacrificed every day from 60 dpi onward.

¢ Data obtained from Mays et al. (5).
4P < 0.0001 (versus Prap ™'+ mice).
¢ P < 0.08 (versus NS versus Prap™/™ mice).
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FIG 2 Time course for the appearance of misfolded PrP isoforms in three mouse genotypes. CDI analyses of gradient fractions from brains of mice of three
genotypes (720, Prup™’*, and Prnp®™) plotted versus different times after inoculation with the RML prion isolate to represent the gradient profiles for total
PrP5¢ (A) and rPrPSc (B) after PK treatment. Time points (dpi) of the source material are indicated within each panel by color codes. Each data point is an
average & the SEM. of triplicate independent CDI measurements in three to four mice brains. CDI values for 30 and 45 dpi for T¢20 mice were below assay

threshold and are not presented.

gous mice (with an unambiguous plateau in hemizygous mice)
were preceded by the occurrence of PrP downregulation (Fig. 1A
and B and Table 1). Although a linear increase in infectivity was
recognized between 60 and 140 dpi for wt and hemizygous mice
alike (Fig. 1B), continual reductions in PrP< levels apparently pre-
vent substantial increases in infectivity from 140 dpi until termi-
nal disease is reached. For RML-infected wt mice, replication rate
fell 58% between 90 and 120 dpi by (69 = 4)-fold to (29 * 6)-fold
(P =0.0001), whereas the PrP“levels in the same interval dropped
by ~20% from 1,124 = 2 ng/ml to 899 = 9 ng/ml (P < 0.01). For
RML-infected hemizygous mice, the changes were greater, such
that the replication rate fell 67% between 100 and 140 dpiby (46 =
1.5)-fold to (15 * 3.2)-fold (P = 0.0001), while the PrP¢ levels
dropped by ~30% from 408 * 8 ng/ml to 344 = 21 ng/ml (P <
0.001).

Progression of oligomer formation during prion infection.
We wanted to determine whether a specific form of PrP, perhaps
compatible with the hypothetical species called “PrP",” is respon-
sible for triggering PrP“ downregulation and/or a surge of neuro-
toxicity causing the transition from subclinical disease to neuro-
logical end-stage disease. For biophysical analysis, we used
velocity gradient centrifugation coupled with CDI to track differ-
ent PrP species in mice of the aforementioned genotypes at differ-
ent stages of disease (Fig. 2 and 3). In terms of isoform concentra-
tion, higher-molecular-weight species in fraction 2 predominated
and increased in a steady manner through the disease course irre-
spective of the Prup genotype; furthermore, the overall shape of
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the gradient profiles of PrP% and rPrP% species did not differ
notably as the dpi values increased (Fig. 2). The only possible
exception was the emergence of lower-molecular-weight (M,)
species centered on fraction 8 at later time points (most obvious
for PrP in hemizygous mice at 363 dpi; Fig. 2, yellow trace, top
right-hand panel). To assess this area of the gradient more closely,
PrP%° and rPrP*° values for fraction 8 (containing oligomeric spe-
cies) were plotted versus dpi (Fig. 3A). These expanded analyses
did not reveal a singular performance for hemizygous mice;
rather, they illustrated a spectrum of responses wherein similar
levels (~20 ng/ml) of oligomeric PrP accrued at later time points
in all three genotypes, but albeit at tempos that varied between the
Tg20, wt, and hemizygous animals (Fig. 3A). In these analyses,
smaller oligomeric forms of PrP assemblies in fraction 8 were
more PK-sensitive than large aggregates in fraction 2 (Fig. 3A
versus 3B). Lastly, potentially relevant to the triggering of down-
regulation for wt and hemizygous mice, rPrP*¢ species were evi-
dent in fraction 2 at time points when PrP© downregulation was
already present (at 120 and 140 dpi), respectively (compare Fig.
2A and 3A with Fig. 1A).

Gradient profiles of infectivity during prion infection. As a
prelude to extending these types of biophysical analyses to include
infectivity measures, measurements of unfractionated brain sam-
ples normalized by volume determined that prion infectivity was
significantly lower in unfractionated homogenates of T¢20 mice
versus the other two genotypes (Table 1; P = 0.0001); this finding
is in accord with replication still being in an exponential phase and
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FIG 3 Progressive accumulation of misfolded PrP isoforms in gradient fractions 8 and 2 for three mouse Prnp genotypes. (A) Sequential appearance of total PrP**
and rPrP*¢in fraction 8 containing low-M, species plotted versus dpi. (B) Sequential appearance of total PrP>“ and rPrP*¢ in fraction 2 containing high-M, species
plotted versus dpi. Note the different y axes for panels A and B. Each data point is an average * the SEM of triplicate independent CDI measurements in three
to four mice brains. As in Fig. 2, the CDI values for PrP*° in Tg20 mice at 30 and 45 days lay below the assay threshold.

thus failing to attain maximum possible values. However, specific
infectivity expressed in spots per 20,000 cells per ng of PrP was
similar in all three genotypes, indicating that PrP“ expression level
in the different models did not influence the overall characteristics
of the RML prion isolate. Next, we assessed profiles of gradient-
fractionated brain lysates for their infectious content in the con-
text of disease time course. Since unfractionated 30 and 45 dpi
samples from Tg¢20 mice were at the assay baseline, their gradient-
fractionated counterparts were not assayed, but we addressed
fractionated samples from the last two time points (60 and 65 dpi).
For wt mice, we tested the last three time points (120, 140, and
162.67 = 7.84 dpi) and for hemizygous mice we tested the last four
time points (100, 140, 180, and 363 dpi) (Fig. 4A). The data in each
fraction was plotted as a specific infectivity value to produce cor-
rected gradient profiles (Fig. 4B). In these corrected analyses, the
gradient fractions from terminal Tg20, wt, and hemizygous mice
closely resembled one another. In each case, the peak of infectivity
occurred in either fraction 7 or 8, thus indicating higher infectivity
for relatively more PK sensitive, oligomeric PrP in comparison
to PK-resistant PrP*° (Fig. 4B and Table 1). Moreover, within each
given genotype, the gradient profile at the last time point did not
differ notably in shape from prior time points in the subclinical
phase of disease, and the differences in magnitude were an inevi-
table consequence of alterations in titer over the disease course. A
tendency for lower net titers at endpoint in Prip” * mice (Fig. 4B)
reached significance in 3 of 10 fractions (P = 0.049, 0.001, and
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0.049, respectively, for fractions 10, 9, and 4). Taken together with
the gradient profiles of the PrP isoforms (Fig. 2), our data did not
provide evidence of an emergent peak in the infectivity profile or
PrP isoform profile that might provide a physiochemical signature
for the hypothetical PrP" species. Instead, the data for each geno-
type revealed gradual alterations in the sedimentation profile
favoring the accumulation of small oligomeric forms of PrP
(Fig. 4B).

Ratiometric relationship between PrP¢ downregulation and
disease phase. To explore the possible role of oligomers further,
we undertook regression analyses. These indicated a statistically
significant correlation between incubation time and PrP* levels in
the low-M, fraction 8 containing oligomeric species (R = 0.834)
but not in the high-M, fraction 2 (Fig. 5). For these analyses, we
also included data from a low-copy number Tg.Prnp®-AL mouse
line (5, 22) infected with the same RML prion isolate. Since PrP® is
likely a crucial factor in disease by mediating toxic signaling con-
centration (23), we next plotted the ratios of residual PrP* to total
PrP5° at the disease endpoint versus the corresponding incubation
times using PrP5 values from either fraction 2 (high M,) or frac-
tion 8 (low M,, oligomeric; Fig. 6). Considering these four geno-
types infected with the RML prion isolate, the dynamic range of
PrP© to PrP* ratios extended only from 0.6 to 1.0 for high M,
fractions. However, the dynamic range of ratios expanded ~16-
fold (extending from 4.5 to 122) when measuring PrP%¢ from oli-
gomeric fractions. Furthermore, this relationship reliably pre-
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FIG 4 Sequential appearance of infectivity in gradient fractionated material from three Prnp genotypes. (A) Uncorrected values for infectivity (spot counts)
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dicted the incubation time and symptomatic stage of disease with
a regression correlation value of 0.998 (P = 0.004).

DISCUSSION

In prior theoretical studies, it has been posited that the exponen-
tial rate of prion replication eventually inhibits and overtakes
prion degradation, although reduced substrate availability simul-
taneously causes prion replication to decline and prion accumu-
lation to plateau (24). Our study method of velocity gradient frac-
tionation in the presence of Sarkosyl, followed by SSCA and CDI,
offers a means to sample diverse PrP species during infection. The
data obtained by these methods are summarized in Table 1. Strong
effect sizes for PrP© downregulation in infected wt and hemizy-
gous mice, as well as the synchronicity in reductions in replication
rate (Fig. 1), lead us to infer that a relationship exists between PrP“
downregulation and infectivity dropping toward a plateau level
during the subclinical phase of prion disease (2, 3). As discussed
below, we would assert that this is a simple cause-and-effect rela-
tionship. Given that plateau effects can exist, does a hypothetical
PrP" species necessarily follow as a unifying determinant of toxic-
ity and entry into the clinical disease phase? In the experiments
here, the PrP allelic type (denoted Prnp*) and the prion strain
(RML) were held constant and our analyses defined similar pro-
files after gradient fractionation (Fig. 2A), paralleling the un-
changing overall specific infectivity of the samples prior to frac-
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tionation (Fig. 4B). The peak for specific infectivity in each case
agrees with analyses that the “most infectious” particles (here in
fractions 7 and 8) correspond to oligomers rather than high-mo-
lecular-weight fibrillar assemblies. These data are in agreement
with other velocity gradient analyses (10, 25) and compatible with
an analysis where PrP aggregates were dissociated and then frac-
tionated by a native method (26). Importantly, in preclinical sam-
ples, the gradient profiles of PrP* isoforms detected in a highly
sensitive assay and the specific infectivity (Fig. 2 and 4 and Table 1)
differed from endpoint samples only in quantity and not quality.
A toxic monomeric alpha-helical form of PrP (“TPrP”) has been
deduced from refolding unglycosylated recombinant PrP and as-
say upon the PK-1 subline of N2a neuroblastoma cells (27). Tox-
icity mediated by TPrP was observed in the range of 0.5 to 5 pg/ml
(27, 28), which is in the same general range as PrP© levels mea-
sured here in brain homogenates of Prup*’* and Prup”* mice
(i.e., ~1.1 and 0.4 pg/ml, respectively; Fig. 1). Although immu-
nological reagents to distinguish “TPrP” in brain homogenates
from PrP< would facilitate study of this putative toxic alpha-heli-
cal form, we already know that the PrP® levels detected with the
12B2 antibody in Prnp™'* and Prnp® ™" mice are falling—not ris-
ing—as animals progress through preclinical disease (to levels of
0.7 and 0.2 pg/ml, respectively, Fig. 1) (5), making a simultane-
ous, superimposed rise in TPrP levels unlikely. Instead, our data
are notable for failing to define a specific form of PrP emerging at
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the last time points in infection, when the animals exhibit clinical
disease. Although our studies did not assay directly for neurotox-
icity in cell cultures, the responses in these types of experiments
will be dependent upon the particular cells selected. Indeed, it is
possible that a protracted search for a hypothetical PrP" molecule
might ultimately prove fruitless and that ratios of tangible PrP
species are, instead, the critical determinants for disease manifes-
tation. From prior analyses of eight experimental prion diseases at
endpoint, we suggested (5) that the entry into and duration of the
clinical phase of disease depends on the ratio of PrP* to residual
PrP© at endpoint. In addition to its role as a substrate, PrP<’s
importance here fits with the prior hypothesis that PrP® serves as
a PrP*° receptor to mediate toxic signaling (23, 24). By extending
our analyses to include fractionation by velocity gradients, we
have identified the low-M, oligomeric forms of PrP*¢ (oPrP%),
rather than high-M, species, as being particularly important in
this ratiometric relationship at the end stage (Fig. 4 to 6). Based on
our previous calibrations (10), we estimate the prions in these
fractions are assembled from 20 to 78 monomers of PrP*°.
Returning to consider preclinical events leads to the “whys and
wherefores” of downregulation, a process that sculpts PrP</
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oPrP* ratios. Although cell-based mechanisms to attenuate the
accumulation of rPrP> or infectivity may exist (for example,
clearance [29] and phagocytosis [30]), it is unlikely they could
have the same magnitude of impact as the downregulation of
PrP<, which is closely linked in time to the drop in replication rate
for infectivity and PrP* isoforms. This is because (i) PrP€ is an
obligatory precursor for the formation of PrP* and infectivity
(shown by the use of PrP transgenic mice [31] and Prup®° knock-
out mice [32]) and, conversely, (ii) there is no alternative pathway
of cross-seeding to create mouse-adapted prions by misfolding of
Sho protein (33-35). Although it remains possible that a particu-
lar subpool of PrP s eligible for conversion to PrP* (for example,
partially unfolded or particularly glycosylated molecules), the size
of this hypothetical pool would have to expand and contract in
direct proportion with the net starting concentration of PrP® be-
cause constitutive and inducible transgenes that alter PrP€ levels
have a profound effect upon the generation of prion infectivity
and disease incubation times (31, 36, 37). Indeed, altered expres-
sion levels of PrP© eclipse the effect of allelic variation that was
once thought to be the preeminent determinant of scrapie incu-
bation time in mice (38—40). On a practical level, bulk PrP exists in
di-, mono-, and unglycosylated forms, but PrP alleles with amino
acid substitutions affecting the attachment of N-glycans are not
the equivalent of wt PrP in conversion to PrP*° after adjusting for
expression levels (41-43). During the preclinical downregulation
effects that impact PrP“ and Sho, the mature glycosylated forms of
these proteins are preferentially depleted (5, 44). Furthermore, for
Sho, the proportionality of downregulation of mature glycopro-
tein at endpoint is unaffected by transgene expression levels (44,
45), calling to mind the proportional scaling effect for PrP“ ex-
pression mentioned above. Overall, we deduce that the supply of
mature diglysosylated PrP®, reduced by downregulation versus
partial sparing of unglycosylated and monoglycosylated isoforms
(5), is a bottleneck for prion replication. Since PrP€ is a precursor,
this controlling variable inevitably lies “upstream” of all subse-
quent events. Extending analyses to deal with infectivity (Fig. 1
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and Table 1), this concept builds on previous studies that used
calibrated in vitro reactions to determine the impact of decreasing
PrP“ concentration upon decreasing replication rate to make
rPrP%¢ (5). While we infer that the downregulation of PrP¢ and
Sho (both glycosylphosphatidylinositol-anchored proteins) trig-
gered by the accumulation of protease resistant PrP (44, 45) might
represent a partially effective host response to infection, interven-
tions to further depress PrP“ may have the benefit of reducing
plateau values for infectivity, extending the length of subclinical
disease and the amount of residual cell surface molecules available
to transduce the toxic effects of misfolded PrPs.

Cumulatively, our measurements in three mouse genotypes
infected with the RML prion strain failed to define a consistent
plateau phenomenon, but rather data that existed on a continuum
with dropping levels of PrP© being crucial in the asymptomatic
phase of disease. Rising levels of mobile small oligomeric prions
can then transform this phase of prion disease into a symptomatic
stage at the threshold ratio between available PrP< and oPrpP*c
(Fig. 6). These aspects argue for dynamic interactions, where
fewer small oligomeric prions are able to trigger symptoms at high
surface cell concentrations of PrP¢, receptors for toxicity, and vice
versa.
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