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In prion-infected mice, both the Notch-1 intracellular domain tran-
scription factor (NICD) and the disease-causing prion protein (PrPSc)
increase in the brain preceding dendritic atrophy and loss. Because
the drug LY411575 inhibits the �-secretase-catalyzed cleavage of
Notch-1 that produces NICD, we asked whether this �-secretase
inhibitor (GSI) might prevent dendritic degeneration in mice with
scrapie. At 50 d postinoculation with Rocky Mountain Laboratory
(RML) prions, mice were given GSI orally for 43–60 d. Because we
did not expect GSI to produce a reduction of PrPSc levels in brain,
we added quinacrine (Qa) to the treatment regimen. Qa inhibits
PrPSc formation in cultured cells. The combination of GSI and Qa
reduced PrPSc by �95% in the neocortex and hippocampus but only
�50% in the thalamus at the site of prion inoculation. The GSI plus
Qa combination prevented dendritic atrophy and loss, but GSI
alone did not. Even though GSI reduced NICD levels to a greater
extent than GSI plus Qa, it was unable to prevent dendritic
degeneration. Whether a balance between NICD and dendrite
growth-stimulating factors was achieved with GSI plus Qa but not
GSI alone remains to be determined. Although the combination of
GSI and Qa diminished PrPSc in the brains of RML-infected mice, GSI
toxicity prevented us from being able to assess the effect the GSI
plus Qa combination on incubation times. Whether less toxic GSIs
can be used in place of LY411575 to prolong survival remains to be
determined.

Creutzfeldt–Jakob disease � neuropathology � prion disease � therapy �
scrapie

Prion diseases are rapidly progressive, invariably fatal neuro-
degenerative disorders caused by the accumulation of PrPSc,

the pathogenic isoform of the prion protein (1–6). A wealth of
evidence argues that PrPSc is the sole component of the infec-
tious prion particle. To date, no pharmacologic intervention has
effectively cleared PrPSc from the brain or prevented neurode-
generation in humans with Creutzfeldt–Jakob disease (CJD) or
experimental animals with scrapie (7–9). By the time most
patients are diagnosed with prion disease, pronounced neuro-
logical deficits are present. CJD is a rapidly progressive illness
that generally leads to death in 3–6 months. At autopsy, synaptic
degeneration and nerve cell death and widespread astrocytic
gliosis are found.

In prion-infected rodents, neurodegeneration begins with the
accumulation of PrPSc in neuronal membranes, followed by
dendritic atrophy and loss and finally nerve cell death (1, 4, 10).
During studies on the pathogenesis of experimental scrapie in
mice, we found that the release of the Notch-1 intracellular
domain transcription factor (NICD) preceded early dendritic
atrophy in scrapie-infected mice (4). Notch-1 activation re-
quires multiple enzymatic cleavage steps culminating in the
�-secretase-mediated release of NICD (11–13).

Translocation of NICD to neuronal nuclei stimulates expres-
sion of genes whose gene products, such as the Hes family of
proteins, inhibit expression of genes that maintain dendrites and
axons, particularly during CNS development (14, 15). To test the

hypothesis that PrPSc-related activation of Notch-1 repressor
signaling pathways is a major cause of early dendritic atrophy, we
treated prion-infected mice with the �-secretase inhibitor (GSI)
LY411575 (16, 17).

Toward enhancing the efficacy of the GSI, we added the drug
quinacrine (Qa), which inhibits PrPSc formation in cultured cells
(18, 19). Although Qa alone modestly lowered PrPSc levels in
vivo, it failed to prolong incubation times in prion-infected,
wild-type mice (20, 21). Subsequent studies revealed that the
levels of Qa in the brains of these animals were too low to be
therapeutic (K.G. and S.B.P., unpublished data). During studies
of Qa metabolism in mice, we found that Qa efflux from the
brain is controlled by multidrug-resistant (MDR) proteins,
members of the P-glycoprotein ATP binding cassette transport-
ers (22). Disappointingly, MDR-deficient mice accumulate high
levels of Qa in their brains but fail to show prolonged survival
after prion inoculation (K.G. and S.B.P., unpublished data).

When GSI and Qa were administered together, they reduced
PrPSc levels 50% in the thalamus around the site of inoculation
and 95% in the cortex and hippocampus. Long axonal projec-
tions connect the thalamus to the cerebral cortex. GSI appeared
to decrease axonal transport of PrPSc, halting the spread of prion
disease from one brain region to another. Qa alone seemed to
diminish dendritic atrophy and loss. Although GSI and Qa
suppressed the levels of both PrPSc and NICD and prevented
dendritic atrophy, this combination therapy did not prolong the
lives of prion-inoculated mice compared with uninoculated
controls due to GSI toxicity. Whether other less toxic GSIs can
be used in place of LY411575 to prolong survival remains to be
determined.

Results
Experimental Design. Wild-type, male CD1 mice were inoculated
at 7 weeks of age in the right thalamus with 30 �l of a 10% brain
homogenate containing 106 ID50 units of Rocky Mountain
Laboratory (RML) prions (6). Age-matched controls were in-
oculated with the same volume of a 10% brain homogenate from
normal, uninfected CD1 mice. RML-inoculated CD1 mice
showed clinical signs of disease beginning at �120 d postinocu-
lation (dpi) [supporting information (SI) Fig. S1]. Treatment
with GSI alone, Qa alone, or a combination of GSI plus Qa was
begun at 50 dpi when PrPSc accumulation was well established in
the thalamus and just beginning in the neocortex and hippocam-
pus (6). Both drugs were given ad libitum by the oral route mixed
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in a chocolate drink containing pulverized lab chow to mask the
bitter taste of Qa. The (S)-enantiomer of LY411575 was dis-
solved in DMSO to ensure uniform mixing in the chocolate
drink; the final concentration of DMSO was �0.007% in all
drink preparations unless specified. Although 100-fold higher
concentrations of DMSO were reported to reduce the rate of
PrPSc accumulation in the brain (23), we found no effect on PrPSc

levels in prion-infected mice fed the chocolate drink with 0.007%
DMSO compared with those fed the chocolate drink without
DMSO (data not shown). The doses of GSI chosen for this study
were 5 or 10 mg�kg�1�d�1; the Qa dose was 40 mg�kg�1�d�1 (24).
Prion-infected, control mice fed a diet with DMSO but lacking
either GSI or Qa were designated ‘‘DMSO.’’

All currently available GSIs are accompanied by adverse side
effects in mice, including hunched posture, hair loss, and marked
(�10 g) weight loss (25). GSI at a concentration of 10
mg�kg�1�d�1 combined with 40 mg�kg�1�d�1 Qa produced severe
side effects by 13 d of treatment in both uninfected control and
RML-infected mice, which required euthanasia (Fig. S1). In
RML-infected mice and uninfected control mice given 5
mg�kg�1�d�1 GSI combined with 40 mg�kg�1�d�1 Qa, six of nine
mice survived 43 d of treatment. At this time point, all six

surviving mice were killed; notably, five mice were free of signs
of GSI toxicity. Uninfected control mice given 5 or 10
mg�kg�1�d�1 GSI alone developed the same side effects as
RML-infected mice, indicating that GSI, not prion disease, was
responsible for the observed toxicity. Given the extreme adverse
effects of 10 mg�kg�1�d�1 GSI, we used only mice given 5
mg�kg�1�d�1 GSI alone or in combination with 40 mg�kg�1�d�1

Qa for the analysis reported here.

GSI and Qa Reduce PrPSc. GSI plus Qa for 43 d (93 dpi) decreased
the levels of PrPSc in the cortex and hippocampus of RML-
infected mice by �95% compared with untreated, control
DMSO mice that were inoculated intracerebrally with RML
prions, fed chocolate drink with DMSO, and killed 110 dpi
(Fig. 1 A, B, D, and G). In addition to these infected control
DMSO mice, we killed some at 93 dpi as controls for the
treated group. When these control DMSO mice were com-
pared with the treated group, a similar 95% reduction of PrPSc

was found in the treated mice (Fig. S2).
In the thalamus, where prion replication was initiated, GSI

plus Qa treatment reduced PrPSc levels by only �50% (Fig. 1 C,
D, and G). In comparison, Qa alone reduced PrPSc by only �20%

Fig. 1. Combined GSI and Qa therapy reduced PrPSc by 95% in the neocortex and hippocampus and by 50% in the thalamus from prion-infected mice. (A–C)
Western immunoblots of protease-resistant PrPSc in the neocortex (A), hippocampus (B), and thalamus (C) are shown from mice given chocolate drink with 0.007%
DMSO containing no drug for 60 d (DMSO), Qa alone for 60 d (Qa), GSI alone for 56 d (GSI), and GSI plus Qa for 43 d. Film exposure time was adjusted to reveal
PrPSc in the neocortex and hippocampus from mice treated with GSI plus Qa. Adjacent bar graphs show densitometry estimates of the relative PrPSc levels in the
respective Western blots (integrated optical density units per milligram of total protein). Means and standard deviations are shown. Student’s t test probabilities
(n � 3 mice each): *, P � 0.05; **, P � 0.01. (D–G) Protease-resistant PrPSc immunostained in histoblots of coronal sections of the cerebral hemisphere through
the dorsal hippocampus where it overlies the thalamus are shown. Samples were taken from RML-infected mice at 100 dpi given chocolate drink with DMSO
only (D), Qa only (E), GSI only (F), and combined GSI plus Qa (G). CC, corpus callosum; f, fimbria of fornix; Hp, hippocampus; IC, internal capsule; Nc, neocortex;
Th, thalamus.
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in the thalamus (Fig. 1 C–E) and cortex (Fig. 1 A, D, and E). GSI
alone reduced PrPSc by �50% in the cortex (Fig. 1 A, D, and F)
and unexpectedly increased PrPSc by �20% in the thalamus (Fig.
1 C, D, and F). In the hippocampus, GSI alone and Qa alone had
no effect on PrPSc levels (Fig. 1 B and D–F). The reductions in
PrPSc levels in the cortex and hippocampus with GSI plus Qa
were greater than the sums of the reductions from treatments
with either GSI or Qa alone, suggesting that the two drugs work
synergistically to decrease PrPSc. Reductions in PrPSc levels were
not due to diminished expression of PrPC because PrPC levels in
the cortex were unchanged in uninfected controls given choco-
late drink with or without DMSO and those treated with GSI,
Qa, or GSI plus Qa (Fig. S3). The uninfected control mice were
inoculated with brain homogenate from uninfected mice.

GSI and Qa Prevent Dendritic Degeneration. Among the earliest
neurodegenerative changes in experimental scrapie are short-
ening of dendrites and decreased numbers of dendritic branches
and spines (4, 10). To analyze quantitatively neurodegenerative
changes in our treated mice, we estimated the ‘‘dendrite load,’’
a measure of the area of a gray matter field occupied by Golgi
silver-impregnated dendrites and nerve cell bodies. With GSI
plus Qa treatment, dendrite loads were similar to those of
uninfected controls or even increased (Fig. 2). As shown,
degenerative changes in RML-infected, control DMSO mice
were severe at 93 dpi (compare with Fig. 2 A–C) (4). Thus, the
combination of GSI and Qa prevented dendritic atrophy and loss
in both the cortex and hippocampus, consistent with �95%
reductions of PrPSc in the same brain regions. In the thalamus,
GSI plus Qa therapy reduced PrPSc levels by only �50% (Fig.
1C) yet preserved the dendrite load (Fig. 2 C and F).

NICD Levels and Dendritic Degeneration. On the basis of the finding
that synaptosomal PrPSc accumulation is temporally associated
with both increased nuclear NICD and degeneration of dendrites

(4), we hypothesized that the accumulation of NICD causes
dendritic atrophy and loss. Consistent with that hypothesis,
RML-infected DMSO mice have low cortical dendrite loads and
high NICD levels (Figs. 2D and 3A). Contrary to this hypothesis,
low cortical dendrite loads and low NICD levels were found in
RML-infected mice treated with GSI alone (Fig. 3). Plotting the
cortical dendrite loads (Fig. 2D) as a function of cortical nuclear
NICD levels (Fig. 3B) shows that the most severe loss of
dendrites occurred at extreme NICD concentrations (Fig. 3C).
The lowest NICD concentration was in prion-infected mice
treated with GSI alone, and the highest in prion-infected, control
DMSO mice. In contrast, intermediate levels of NICD in mice
treated with either Qa alone or GSI plus Qa, which were near
uninfected control levels, were associated with the preservation
of dendrites (Fig. 3C).

GSI Toxicity Dependence on Dose and Duration of Exposure. The
beneficial effects of combining GSI with Qa to treat prion
disease were marred by severe, adverse drug reactions, leading
to premature deaths: Treated, prion-infected mice died substan-
tially sooner than untreated, prion-infected mice (Fig. S1 A).
Administration of 10 mg�kg�1�d�1 GSI plus Qa resulted in death
after �13 d of treatment in both infected and uninfected mice.
Lower doses of GSI alone or with Qa were tolerated for longer
treatment durations, but all animals eventually had to be eutha-
nized within �56 d of continuous treatment (Fig. S1). We
attribute this toxicity mainly to the GSI, but Qa also seems to
contribute to the adverse effects. Infected mice treated with 5
mg�kg�1�d�1 GSI alone survived longer than those given GSI
plus Qa. Notably, Qa is known to affect hepatic, cardiac, and
CNS function; jaundice, cardiomyopathy, slowing of electrical
conduction in the heart, and seizures are among the known side
effects (26, 27). The adverse side effects related to the GSI are
likely in part due to inhibition of Notch-1 signaling, which
encourages goblet cell differentiation in the gut and a shift

Fig. 2. Dual GSI plus Qa therapy prevented dendritic degeneration more effectively than GSI or Qa alone. (A–C) Golgi silver staining of dendrites in layer 6 of
the cortex (A), the hippocampus CA1 region (B), and the medial nuclei of the thalamus (C) shows severe dendrite loss in infected DMSO mice and prevention
of loss with GSI plus Qa treatment. (D–F) Measurements of dendrite loads in each of the three brain regions as a function of treatment are shown. Note the
microscopic field used to measure dendrite loads in the cortex spanned cortical layers 5 and 6, whereas the micrographs in A show cortex layer 6 only. Student’s
t test probabilities (n � 3 mice each): *, P � 0.05; **, P � 0.01. Scale bars represent 30 �m and apply to each image in the same row.
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toward secretory function at the expense of absorptive function
(16, 28, 29). Whether Qa-induced cardiac abnormalities or
GSI-induced malnutrition were the immediate causes of death is
being investigated.

Sustained Suppression of PrPSc Levels. Because both the dose and
the duration of GSI treatment contribute to adverse side effects,
we examined the effect of a shorter exposure to 5 mg�kg�1�d�1

GSI and Qa. We began administration of 5 mg�kg�1�d�1 GSI plus
40 mg�kg�1�d�1 Qa to 15 mice at 50 dpi but reduced the duration
from 43 to 28 d. The RML-infected mice were killed at 50, 78,
85, 92, 99, and 106 dpi, and PrPSc levels were measured by
Western blots that were quantified by densitometry (Fig. 4). As
controls, PrPSc levels were measured in age-matched, RML-
infected, DMSO mice killed at 50 and 106 dpi. The relative PrPSc

levels for the intermediate time points for untreated, RML-
infected controls were inferred based on the PrPSc levels from an
earlier study (6).

In the mice treated with GSI plus Qa for 28 d, PrPSc in the
cortex was undetectable until 99 dpi (Fig. 4 A and B). In addition,
although the level of PrPSc at 106 dpi was far below that in the
untreated, control DMSO mice, there was a rapid increase in
PrPSc in the thalamus between 99 and 106 dpi (Fig. 4 A and C),
accompanied by a similar, although less dramatic, rise in PrPSc

in the cortex (Fig. 4B). We do not know, however, whether the
PrPSc in the two groups becomes similar by �120 d, when the
RML-infected, control DMSO mice develop signs of neurolog-
ical dysfunction. It was encouraging that the mice that received
GSI plus Qa for 28 d exhibited normal behavior and normal

brain and body weights. The mice also showed no hair loss. The
successful suppression of PrPSc in some regions of the brain by
GSI plus Qa suggests that it might be possible to develop
effective treatment schedules based on intermittent administra-
tion of antiprion pharmacotherapeutics.

Discussion
In the studies reported here, we were able to manipulate
pharmacologically the levels of PrPSc and the accompanying
dendritic atrophy in the brains of mice by using a combination
of GSI and Qa. The mechanisms by which these two compounds
act alone or together are unknown. We initially decided to
explore the use of GSIs in altering the pathogenesis of prion
disease after discovering that both PrPSc and NICD rise con-
currently throughout the incubation period (4). Those results
suggested that the increase in NICD might be responsible for
dendritic atrophy and loss. The results reported here show that
dendritic atrophy and loss occur at both low and high NICD
levels (Figs. 2 and 3).

In contrast to GSI alone, GSI in combination with Qa prevented
dendritic atrophy and loss. Dissecting the mechanism by which GSI

Fig. 3. The three treatments had significantly different effects on nuclear
NICD levels in the cortex. (A) Western immunoblot analysis shows nuclear
NICD levels from prion-infected mice after treatment with Qa alone, GSI
alone, and GSI plus Qa. As controls, nuclear NICD levels in an uninfected mouse
(control, C) and an untreated, prion-infected mouse (DMSO) are shown. (B)
Quantification of relative nuclear NICD concentrations is given; numbers
correspond to treatments described in A. Student’s t test probabilities (n � 3
mice each): *, P � 0.05; **, P � 0.01. (C) NICD levels are dissociated from
dendritic degeneration. Cortex dendrite load (see Fig. 2D) is graphed as a
function of the nuclear NICD concentration shown in B.

Fig. 4. After 28 d of treatment with GSI plus Qa, PrPSc levels remain low for
21 d after treatment is ceased. (A) Western immunoblots of PrPSc in the cortex
and thalamus from three mice each at 50, 78, 99, and 106 dpi are shown (85
and 92 dpi; data not shown). (B and C) Estimates of PrPSc concentrations (n �
3 mice) in the cortex (B) and thalamus (C) are given. Relative PrPSc levels from
infected DMSO mice at 78, 85, 92, and 99 dpi were estimated by using data
from an earlier study.

10598 � www.pnas.org�cgi�doi�10.1073�pnas.0803671105 Spilman et al.



plus Qa prevents dendritic atrophy and loss is likely to be compli-
cated (4, 30, 31). In addition to Notch-1, �26 different proteins are
�-secretase substrates, some of which yield signaling peptides when
cleaved (32), such as ErbB-4, which stimulates dendrite growth (33,
34). Exploring the effects of Qa on �-secretase activity will be of
interest to probe the possibility that Qa might raise the levels of one
or more growth factors that preserve dendrites or alter the ratio of
inhibitory to stimulatory factors for dendrites.

We began by administering GSIs to prion-infected mice midway
through the incubation period. In this study, 10 mg�kg�1�d�1

LY411575 was tolerated poorly, but the 50% lower dose allowed us
to give the drug for up to 43 d. Treatment with 5 mg�kg�1�d�1 GSI
alone increased the level of PrPSc in the thalamus, had no effect on
the level in hippocampus (Fig. 1C), but decreased the level of PrPSc

in the cortex by nearly 50% (Fig. 1A). Although this finding
suggested that GSI either selectively inhibited PrPSc formation or
stimulated PrPSc clearance in the cortex, GSI more likely interfered
with PrPSc transport from the thalamus to the cortex. In earlier
studies, we and others demonstrated the initial replication of prions
at the site of injection with transport along axons (35, 36). In the
studies described here, PrPSc formation was initiated by intratha-
lamic inoculation of prions, and presumably anterograde axonal
transport of PrPSc occurred along the monosynaptic thalamocorti-
cal system of axons that connects the thalamus with the cortex (1,
6, 37).

After 28 d of oral administration of 5 mg�kg�1�d�1 GSI
combined with Qa, PrPSc levels remained higher in the thalamus
than those in the cortex. Earlier studies showed that some PrPSc

is released from degenerating neurons and their processes into
the extracellular space of the CNS, where it accumulates in
perivascular, subpial, and subependymal spaces (38, 39), and is
taken up by activated microglia and reactive astrocytes (5, 37).
Additionally, histoblots indicate that a substantial portion of the
residual thalamic PrPSc is located in large bundles of axons within
or immediately adjacent to the thalamus (Fig. 1G). Despite only
reducing thalamic PrPSc levels by �50%, GSI plus Qa main-
tained dendrite loads to control levels, raising the possibility that
PrPSc was either cleared from neurons but remained in the
extracellular space or phagocytosed by glial cells, where it did not
cause dendritic atrophy and loss.

From studies of Qa in cultured ScN2a cells, it appears that Qa
inhibits the conversion of PrPC into PrPSc. Studies with Qa
attached to beads suggest that Qa binds preferentially to PrPSc

(40). As shown in Fig. 1, 40 mg�kg�1�d�1 Qa reduced PrPSc levels
minimally in the cortex and thalamus of CD1 mice but not the
hippocampus. The addition of 5 mg�kg�1�d�1 GSI produced a
95% decrease in PrPSc levels of in cortex and hippocampus but
only a 50% decline in the thalamus. The effect of Qa plus GSI
was much greater than the sum of the two, demonstrating the
synergistic reduction in PrPSc. Interestingly, the use of pentosan
polysulfate (PPS) combined with iron(III) meso-tetra(4-
sulfonatophenyl)porphine (FeTAP) produced a synergistic pro-
longation of incubation times in prion-infected mice (8). Al-
though the combination of PPS and FeTAP had to be
administered intracerebrally to effect a prolongation of the
incubation period, the oral administration of 4-pyridinecarbox-
aldehyde-2-[4-(5-oxazolyl)phenyl]hydrazone (cpd-B) produced
a doubling of the incubation time in RML-infected Tga20 mice
when started midway through the incubation period (41).

Cpd-B was the most effective in prolonging the incubation
times of RML-infected mice but had little effect on the incuba-

tion times of either Syrian hamsters or Tg(SHaPrP)7 mice
inoculated intracerebrally with 263K prions (41). Combining
cpd-B with a GSI will be of interest in the continuing search for
an effective therapeutic regimen for CJD. Although the mech-
anism of action of cpd-B is unclear, learning how this compound
diminishes the levels of PrPSc in cultured cells and brains of
RML-infected mice will be important. Whether such a prion
strain-specific pharmacotherapeutic can be adapted for the
treatment of CJD is unknown. Low intermittent doses of a GSI
might prove useful especially if one was found to act synergis-
tically with a therapeutic agent such as cpd-B, which appears to
be substantially more efficacious than Qa.

Despite the lack of success in identifying an effective therapy
for CJD, the strategy of developing compounds that reduce PrPSc

levels in cultured cells and the brains of rodents continues to
seem reasonable. Disruption of the PrP gene prevents PrPSc

formation and illness in mice (42, 43). Moreover, �95% sup-
pression of PrPC expression in mice harboring an inducible PrP
transgene delays the onset of neurological dysfunction, resulting
in incubation times that exceed 400 d (44). The discovery of
protease-sensitive forms of PrPSc (sPrPSc) that can cause patho-
logical changes in the CNS has brought a new dimension to the
study of therapeutics (45–49). Future investigations will need to
measure both sPrPSc and protease-resistant PrPSc in response to
therapeutics designed to treat the prion diseases (50).

Materials and Methods
Animals and Diet. Male CD1 mice were inoculated at 7 weeks of age with 30
�l of either RML prions (51) or a 10% brain homogenate from uninfected CD1
mice. Inocula were injected directly into the right thalamus.

The chocolate-flavored mouse liquid diet was prepared by adding water
and cocoa powder (Hershey) to a commercially available liquid rat diet, LD’82
(Bio-Serv Inc.). LY411575 was prepared in the Chemical Synthesis Core at the
Mayo Clinic according to the method of Fauq et al. (52) and solubilized in
DMSO (Sigma–Aldrich) in a stock solution of 100 mg/ml. The final concentra-
tion of DMSO in GSI-containing drink was 0.007%. Qa was obtained from
Sigma. Drugs were mixed with the liquid diet. To deliver 40 mg�kg�1�d�1 Qa
per mouse, 900 g of LD’82 was mixed with 4 liters of water, 50 g of cocoa, and
0.315 g of Qa. DMSO also was added to the chocolate drink with Qa alone to
a final concentration of 0.007%. The mice were fed ad libitum. Mice not
receiving treatment were given chocolate drink with 0.007% DMSO.

Treatment and Diagnosis. Treated animals were fed chocolate drink, prepared
with the drugs as described above. Untreated, control mice were given
chocolate drink with DMSO alone unless otherwise specified. Groups of nine
mice received either DMSO alone, Qa alone at 40 mg�kg�1�d�1, GSI alone at 5
mg�kg�1�d�1, or a combination of GSI and Qa at the doses specified. One group
of uninfected control mice and RML-infected mice also were given GSI at 10
mg�kg�1�d�1. Treatment was initiated at 50 dpi and continued for 43 d (Figs.
1–3) or 28 d (Fig. 4).

Mice were monitored twice a week for neurological signs by observing
their gait, mobility, posture, clasping reflex, righting reflex, behavior, and
body condition. After onset of signs, they were monitored daily. Euthanasia
was performed if two or more of the following neurological signs were
present: mild ataxia, slight head tremors, head tilt, tail rigidity, dysmetria,
clasping, or circling.

Tissue Dissection, Fixation, and Analysis. These methods are described in the SI
Text.
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