1 MINI-REVIEW
Prion 3:4, 195-201; October/November/December 2009; © 2009 Landes Bioscience

Prion neurodegeneration
Starts and stops at the synapse
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express Cre under neurofilament heavy gene promoter; tg37, mice have floxed PrP sequences that can be deleted by Cre; PrP¢,
cellular isoform of prion protein; PrP%, disease associated isoform of prion protein; RML, Rocky Mountain Laboratories murine
prions (mouse adapted scrapie); RNAi, RNA interference; wpi, weeks post-inoculation; EPSP, excitatory post synaptic potential;
LTP, long term potentiation

Synaptic dysfunction is a key process in the evolution of many
neurodegenerative diseases, with synaptic loss preceding that
of neuronal cell bodies. In Alzheimer, Huntington, and prion dis-
eases early synaptic changes correlate with cognitive and motor
decline, and altered synaptic function may also underlie deficits
in a number of psychiatric and neurodevelopmental conditions.
The formation, remodelling and elimination of spines and syn-
apses are continual physiological processes, moulding cortical
architecture, underpinning the abilities to learn and remember.
In disease, however, particularly in protein misfolding neurode-
generative disorders, lost synapses are not replaced and this
loss is followed by neuronal death. These two processes are
separately regulated, with mechanistic, spatial and temporal
segregation of the death ‘routines’ of synapses and cell bodies.
Recent insights into the reversibility of synaptic dysfunction in
a mouse model of prion disease at neurophysiological, behav-
ioral and morphological levels call for a deeper analysis of the
mechanisms underlying neurotoxicity at the synapse, and have
important implications for therapy of prion and other neurode-
generative disorders.

Introduction: Synaptopathy in Neurodegeneration

Compromised synaptic function is thought to underlie the ear-
liest symptoms in several neurodegenerative diseases. However,
the classic diagnostic neuropathological signatures of these dis-
orders—deposition of amyloid plaques and/or misfolded protein
aggregates and neuronal loss—in the context of full blown clini-
cal syndromes represent an end-stage situation, essentially refrac-
tory to curative treatments. The critical phase for intervention
and for understanding underlying disease mechanisms is earlier
in these processes. Loss of spines, dendrites and synapses generally
precedes that of neuronal cell bodies—which is irreversible—but
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the intrinsic potential for synapses to be lost and replaced makes
this stage of disease a highly appealing target for treatment.
Thus synapses are continuously formed, eliminated and remod-
eled throughout adulthood. These activity-dependent structural
changes in synaptic connectivity likely underlie many forms of
experience-dependent plasticity, including learning and memory
or cognition, the loss of which is central to many neurodegenera-
tive disorders.

There is growing evidence that synaptic dysfunction is fun-
damental across the spectrum of these disorders. Cognitive
decline is strongly correlated with loss of presynaptic terminals
in Alzheimer disease (AD), independent of amyloid plaque
load and neuronal loss,' and in animal models AB oligomers
are potent inhibitors of synaptic function and memory in the
absence of neuronal and even synaptic loss,? see Haass and Selkoe
for review.? In mouse models of Huntington’s disease (HD)
there is marked decrease in striatal volume without changes in
cell number correlating with motor signs,** consistent with the
hypothesis that the loss of neurites and synaptic failure deter-
mine phenotype in the eatlier stages of disease. Prion diseases are
typically diagnosed when dementia and motor symptoms prevail
in humans, or by the occurrence of locomotor changes in mice,
in each case correlating with extensive neuronal loss and mis-
folded prion protein, PrP%, deposition. Here too, however, there
are earlier motivational and behavioral symptoms, which likely
precede neuronal loss and reflect early synaptic failure. Mice
experimentally infected with prions, show changes in species-
typical motivational behaviors long before emergence of motor
signs®?® that correlate with early loss of presynaptic terminals in
the dorsal hippocampus.’ In one mouse model of an inherited
prion disorder, expression of mutant protein is associated with
extensive cell death in the cerebellum. Crossing these animals
with Bax deficient mice (hence preventing Bax-dependent cell
death) rescues neuronal apoptosis but does not rescue synaptic
loss, nor symptoms, suggesting it is synaptic dysfunction rather
than cell loss that causes the phenotype here.'

Thus defining the pathophysiological mechanisms underly-
ing synaptic dysfunction and its progression in these disorders
not only promises to increase our understanding of them, but
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opens up new avenues for early diagnosis and, critically, for early
treatment.

Obstacles to progress in the field include the absence of ‘good’
animal—invariably mouse—models for many of these diseases
and a lack of reliable cognitive behavioral assays in mice, in
particular. Our recent work looking at early synaptic dysfunc-
tion in prion disease addresses both these issues. In contrast to
mouse models of AD, HD, and Parkinson disease, where human
mutant proteins are expressed in mice with variable ‘phenocopy-
ing’ of the human diseases, mice infected with prions are true
models of prion disease. These mice replicate infectious mouse
prions, develop classic prion pathology—spongiosis, neuronal
loss, astrocytosis and PrP% deposition—and show locomotor and
behavioral signs of prion neurodegeneration. Thus studying these
animals may give real insights into pathological mechanisms of
these disorders. Using mice experimentally infected with prions,
we focused on the earliest stages of disease to try and understand
the potential for rescue both of function and survival of neurons
in these disorders."

Early Stages of Prion Disease Show Synaptic
Dysfunction that can be Reversed

Central to prion pathogenesis is the conversion of a host-encoded
prion protein, PrP¢, into a partially-protease resistant isoform,
PrP%, which accumulates in the brain and is associated with
infectivity. This process is self-propagating, with PrP* acting as a
conformational template recruiting PrP¢ for further conversion.
This conversion reaction is critical to the neurotoxicity of prion

diseases as neither loss of PrP¢ function,'*"

nor deposition of
PrP%¢ is sufficient to cause pathology. We had previously estab-
lished that prevention of formation of PrP% by knocking out PrP¢
in prion infected mice during the course of disease (see below)
prevented neuronal loss and progression to clinical disease.”
The animals were effectively clinically cured. A key finding was
that early pre-degenerative prion spongiform change reversed—
or recovered—after PrP¢ knockout. This occurred at around
eight weeks post infection, four weeks before diagnostic motor
symptoms would normally be detected. We therefore asked two
questions: did this early pathological change produce detectable
functional deficits, and if so, whether its reversal was reflected in
functional recovery? Looking for functional deficits allowed us to
uncover potential new tests of synaptic dysfunction as a marker
of prion disease, rather than focus on signs of neuronal loss and
neural network failure such as ataxia and motor changes.

We used prion-infected transgenic mice with and without
‘induced’” PrP depletion in which we had described reversal of
early pathology, for our experiments. Thus tg37 mice express
PrP from ‘floxed” PrP sequences (M/loxP transgenes) and suc-
cumb to Rocky Mountain Laboratories (RML) prion infection
~13 weeks post inoculation (wpi), showing classic motor signs of
prion disease at 12 wpi.” In these mice the earliest prion patho-
logical changes including spongiosis, gliosis and PrP%¢ deposition
appear by 8 wpi. In double transgenic NFH-Cre/tg37 mice, PrP
expression is the same as in tg37 mice until floxed PrP sequences
are excised by the DNA recombinase, Cre, at -9 weeks of age,

196 Prion

when neuronal PrP is depleted. NFH-Cre/tg37 mice infected
with prions at one week of age develop early hippocampal pathol-
ogy in parallel with control tg37 mice, but spongiosis reverses
soon after Cre-mediated PrP depletion ~-8-9 wpi and the animals
survive long term."

As the focus for the pathological findings and their reversal
was the hippocampus, we tested animals in behavioral tasks
known to depend on hippocampal integrity in vivo and we mea-
sured hippocampal synaptic transmission neurophysiologically
in vitro. We used simple behavioral tasks that are independent
of mouse strain or genetic background, and measured synaptic
transmission and plasticity. Mice were infected with RML pri-
ons at 1 week and groups of 8-10 mice of each genotype were
tested weekly behaviorally and neurophysiologically from 7 wpi.
Tg37 mice were tested up to ~12 wpi, after which they developed
clinical signs of prion disease and were culled. NFH-Cre/tg37
mice were tested up to ~30 wpi. We found that, in parallel with
the onset of spongiosis, mice developed cognitive, behavioral and
neurophysiological deficits. Further, in parallel with the reversal
of spongiform change in PrP-depleted mice, the functional defi-
cits recovered.

The first task we used was the novel object recognition task
(Fig. 1), a non-spatial learning task based on the spontaneous
preference of both mice and rats for novelty and their ability
to remember previously encountered objects, that is rapidly
learnt.'® Novel object recognition is extensively used for testing
declarative memory in mice and, critically, performance is inde-
pendent of mouse strain, or genetic background, unlike most
other memory tasks for which performance is highly strain-
dependent (Mallucci et al., 2007 for original images)."! At 7
wpi, all prion-infected animals displayed normal novel object
discrimination during the test phase preferential exploration
of the novel object (mean exploratory ratios greater than 1).
However, at 8 wpi, both groups of infected mice showed sig-
nificant inability to discriminate a novel object during the test
phase, with mean exploratory preference ratios of -~1: i.e., no
preference. The loss in novel object discriminatory capacity
coincided with the appearance of early spongiform change in
all prion-infected mice (see Mallucci et al., 2007 for original
images)' and with reduction of synaptic responses (see Fig. 3
and below). In prion-diseased tg37 mice, this impairment of
memory persisted throughout the course of infection and never
recovered. In contrast, NFH-Cre/tg37 mice recovered the abil-
ity to discriminate novel objects after neuronal PrP¢ depletion.
The exploratory preference for the novel object returned at 9
wpi, very soon after PrP depletion. This functional recovery
occurred in parallel with reversal of spongiform pathology seen
in NFH-Cre/tg37 mice examined histologically over this period
and with recovery in synaptic transmission (Fig. 3). Further,
the recovery in memory was sustained up to 20* wpi.

We also tested the spontaneous behaviors of burrowing and
nesting, which have a robust association with early prion pathol-
ogy®*® and also localise to the dorsal hippocampus. These behav-
iors have been proposed as powerful tools for elucidating brain
function,” requiring a high degree of organisation and execu-
tive function and are thought to reflect motivational aspects of
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spontaneous behavior in rodents. In the burrowing
task (Fig. 2) mice actively burrow in a container
that is filled with objects, pushing or carrying them
out into the cage until the container is almost emp-
tied (Fig. 2A). We found that all mice burrowed
actively, displacing 70-80% of the pellets at 6 and
7 wpi (Fig. 2B). All mice burrowed less from 8 wpi.
The timing of onset of the impairment is consistent
with observations in other prion-infected mouse
strains.? In tg37 mice, burrowing activity contin-
ued to decline until the mice reached onset of clini-
cal disease. In contrast, in mice with Cre-mediated
PrP knockout there was significant recovery of bur-
rowing behavior by 10 wpi.

Synaptic responses and plasticity were tested
in the stratum radiatum of the CAl region of
hippocampal slices taken from mice at spe-
cific time-points after infection. At 8 wpi, both
prion-infected tg37 and NFH-Cre/tg37 mice
showed similar significant reductions in evoked
excitatory post-synaptic field potentials (EPSPs)
at ~-50% of values seen in both uninfected mice
and in recovered NFH-Cre/tg37 animals (Fig.
3A). Cre-mediated neuronal PrP depletion in
NFH-Cre/tg37 mice resulted in rapid recovery of
EPSPs to control levels, a recovery sustained in
mice examined up to 18 wpi. In contrast, synaptic
responses in the prion-infected tg37 mice contin-
ued to decline, and at 9 wpi were 22% of those of
uninfected control mice. Action potentials in the
presynaptic axons give rise to “fiber volleys”, the
amplitude of these was found to be linearly related
to the EPSP magnitude at each time point (cor-
relation coefficient 0.97; Fig. 3C), suggesting that
the change in EPSP was directly due to a change
in the presynaptic action potentials, rather than
at a synaptic level. Indeed, when we measured
long term potentiation (LTP), a form of synap-
tic plasticity linked with some forms of learning
and memory, we found no reduction in LTP in
prion-infected mice with or without PrP depletion
throughout the course of the experiment. Thus
changes in synaptic transmission in this case are
not associated with changes in plasticity, or LTP
(see Mallucci et al. 2007 for details).!

Our combined behavioral and neurophysiologi-
cal analyses provided the first direct evidence for
early neuronal dysfunction producing functional
cognitive impairment in prion disease. We showed
that early hippocampal pathology in prion-infected
mice is associated with impaired synaptic responses
and with cognitive and behavioral deficits in hip-
pocampal tasks. These deficits precede neuronal
and synaptic loss and they are rapidly reversed
when PrP€¢ is depleted, demonstrating the poten-
tial for recovery of neuronal function at this stage.

www.landesbioscience.com
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Figure I. The ability to discriminate novel objects is lost in prion-infected mice,

but recovers when neuronal PrP€ is depleted, in parallel with reversal of pathological
change. (A) Mice are allowed to explore two objects in an arena during the learning
phase of the test; then, after a retention interval, they are exposed to a novel object
(test phase). Time spent actively exploring the novel object compared to the familiar
one is a measure of object recognition memory and is expressed as exploratory ratio.
(B) Prion-infected tg37 (white bars) and NFH-Cre/tg37 mice (black bars) showed
normal object recognition memory at 7 wpi, with preferential exploration of the novel
object. This was significantly impaired in all mice by 8 wpi, but recovered in mice with
Cre-mediated PrP depletion at 9 wpi. Recovery was sustained up to 30 wpi. *p < 0.05;
**¥p < 0.01; ¥**p < 0.001 (Student’s t test; 2-tails). Open arrow indicates onset of earli-
est signs of scrapie in tg37 mice (ss). Closed arrow indicates onset of Cre mediated
knockout. (C) Haematoxylin and eosin stained sections of hippocampi from prion-
infected tg37 and NFH-Cre/tg37 mice have normal appearance at 6 wpi (A and D).
Spongiosis develops in all animals (B and E) by 8 wpi when memory is impaired, but by
10 wpi this has reversed in mice with Cre-mediated depletion (panel F), in parallel with
recovery of novel object memory. Scale bar represents 160 um.
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Anatomy of Synaptic Dysfunction
in Early Prion Disease:
Mechanistic Implications

The relationship between spongiform
change and the functional deficits we
observed is not clear. Spongiform degener-
ation in prion disorders involves the forma-
tion of membrane bound vacuoles within
neurons and neuropil—predominantly
within dendrites; and intradendritic dis-
tensions and dendritic spine loss co-localize

B 100 - Lt

[ tg37
Il NFH-Cre/tg37

with vacuolar pathology in the hippocam-
pus.’® The deficits we observe may thus
reflect earliest neuronal and dendritic dys-
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function, although more detailed neuro-
physiological analysis implicates impaired
function at the level of the presynaptic
axon also. Later in prion disease, dendrite
loss is known to precede neuronal loss as
measured by in vivo imaging of infected
mice,” but this may well be secondary to
pre-synaptic changes. Both mRNA and
miRNA screens of prion infected mouse
brains show that both pre- and post-syn-
aptic proteins are targets of altered gene
regulation during prion disease.?” Thus we
found that synaptic response depression in
our mouse model can be explained here
by the proportional loss of the presynap-
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Figure 2. Burrowing behavior is lost in early prion infection in mice but recovers when neuronal
PrP€ is depleted. (A) Healthy rodents ‘burrow’ food pellets, carrying them out of a container and
into their cage. (B) Early in prion infection, all mice burrowed equally. Burrowing then declined
significantly in both tg37 and NFH-Cre/tg37 mice respectively at 9 wpi and continued to decline in
tg37 mice. In mice with Cre-mediated PrP depletion burrowing behavior resumed by 10 wpi and

remained normal up to 30 wpi. Annotations are as for Figure |.

Further, both their occurrence and recovery are independent
of PrP% accumulation. The development of phenotypic deficits
paralleled the development of early spongiform change that we
had previously observed, and recovery of these deficits in mice
with PrP depletion paralleled its reversal. Interestingly, we found
no objective evidence of synapse loss in the early stages of infec-
tion associated with early cognitive failure, and there were no
changes in levels of synaptophysin detectable semi-quantitatively
by immunohistochemistry, by western blotting, or by RNA
transcript detection (see Mallucci et al., 2007)."
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. tic fiber volley. Depression of presynaptic
14 20-30 wpi fiber volleys has been reported in the pro-
gression of another murine prion model,*
where it was tentatively attributed to loss of
the presynaptic neurons (CA3 pyramidal
cells). The present loss of the fiber volley
was rapidly reversible (within a week) and
therefore cannot be due to neuronal loss
nor to regrowth of axons within this time
frame; more likely it was due to axonal
dysfunction. Synaptic plasticity appears to
be maintained, however: the presence of
LTP recordings found in all mice at all stages of disease implies
that those synapses still remaining in prion-infected tg37 mice
have the intact molecular apparatus both to release transmitter
and to sustain LTP. It appears that here memory is impaired due
to reduction in effective synaptic integration itself, implicating
mechanisms other than CA1 LTP in deficient memory. This is
in contrast to the data from AD models, where LTP appears to
correlate with behavioral changes due to A oligomers in some
cases, see Haass and Selkoe for review.? Learning and memory
have been found associated with impaired synaptic responses
and intact LTP in other rodent models.?> However, LTP altera-
tions have been described in prion-infected mice, at a rela-
tively later stage in the disease process, infected with different
prion strains and using more intense conditioning stimulation
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Figure 3. Synaptic responses are depressed in prion-infected mice but recover when neuronal PrP¢ is depleted, while synaptic plasticity is preserved.
(A) Field excitatory post synaptic potential (EPSP) slope input-output curves showed marked differences between the experimental groups. Means for
the experimental groups in the GLM analysis reveal significantly smaller EPSPs in scrapie-infected tg37 mice (white bars) than in both NFH-Cre/tg37
mice (black bars) after PrP depletion at 9 wpi and uninfected control mice (gray bar). However, after Cre-mediated PrP depletion, synaptic responses
return to control levels in NFH-Cre/tg37 mice at 9 wpi and are sustained at this level up to 18 wpi. p < 0.001, pairwise comparisons, using the Bonfer-
roni correction for multiple comparisons; dotted line represents mean EPSP value and dashed lines represent 95% confidence intervals of the control

reduced at 8 wpi in tg37 and NFH-Cre/tg37 mice and is further diminished i

group. (B) Representative sample traces for each group. The amplitude of response in uninfected control mice is shown at the top. This amplitude is

wpi, which is sustained in mice up to 18 wpi. (C) Deficits in synaptic responses correlate with reduction in the pre-syanaptic axonal fibre volley: the
relationship between EPSP slope and fibre volley (FV) amplitude is unaltered during scrapie infectivity (linear regression, solid line, R? = 0.97).

n tg37 mice at 9. The response recovers in mice with PrP depletion at 9

to induce LTP.#! This may reflect later stages of disease—and
synaptic pathology—than we have focused on here.

A further mechanistic implication of this work is that synaptic
dysfunction isindependent of aggregated misfolded protein depos-
tion. Thus both cognitive and neurophysiological impairment
and recovery in our model appeared to be independent of PrP*
accumulation. Impaired object recognition memory, burrowing
behavior and reduced post synaptic potentials in CA1 occur at
8 wpi, before extensive deposits of PrP are apparent. Further,
both the loss, and recovery of memory and species-typical
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behaviors appear to be independent of aggregated PrP¢ deposi-
tion, which continues to accumulate due to extra-neuronal, pre-
dominantly astrocytic, replication. The continued build up of
extra neuronal PrP% in NFH-Cre/tg37 mice after neuronal PrP
knockout does not impair memory function or synaptic responses
up to 20* wpi. Thus as for the AD models (see below), the data
strongly support a transient, soluble, non-aggregating species—
likely generated within neurons—causing synaptic dysfunction
in prion disease. Histologically, early synaptic pathology and den-
dritic dysfunction precede PrP* accumulation,® consistent with

199



our observations on behavioral and neurophysiological changes
in the absence of extensive PrP%¢ deposits.

Our data are consistent with findings in other models of neu-
rodegenerative disorders: that neuronal dysfunction and cognitive
defects occur before cellular degeneration, and independently of
52425 and

they can result from synaptic dysfunction rather than neuronal

pathological aggregation of disease-associated proteins,

loss.>2¢?8 In several models of AD there is increasing evidence
that this may be due to soluble AP oligomers, rather than amy-
loid (see Haass and Selkoe for review),’ explaining plaque-inde-
pendent cognitive failure in these animals. Consistent with these
studies, our findings support the concept that a transient—as yet
unidentified—neurotoxic species is generated within neurons
when PrP¢ is converted to PrP%, which rapidly impairs neu-
ronal function, and synaptic responses. Depleting neuronal PrP¢
would halt formation of such an intermediate, whether it be a
new molecular species or an oligomeric form of PrP%, allowing
rapid recovery of neuronal function. Interestingly, using lentivi-
rally mediated RNAi of PrP, we recently confirmed that knock-
ing down PrP production at the transcriptional level, prevented
the onset of cognitive deficits in tg37 mice.”

Our findings of early reversible neurophysiological and cog-
nitive deficits occurring before neuronal loss have opened new
avenues in the prion field. To date, prion infection in mice
has conventionally been diagnosed when motor deficits reflect
advanced neurodegeneration. Now the identification of earlier
dysfunction helps direct the study of mechanisms of neurotoxic-
ity and therapies to earlier stages of disease, when rescue is still

possible. The key finding here is that reversal at this synaptic
stage of prion disease is that neurons are saved from degeneration.
Many questions need addressing still for both prion and other
neurodegenerative disorders. The mechanisms by which putative
toxic PrP oligomers or intermediates (and indeed the nature or
identity of these) cause synaptic dysfunction is still unknown.
There is evidence of PrP interaction with NMDA receptors,®
and for PrP mediating toxicity of AP oligomers at the level of
LTP,* but clearly there are multiple effects at many levels of the
functioning synaptic unit and in the integration of the activity
of multiple synapses. Moreover, how synaptic dysfunction ulti-
mately leads to neuronal cell death is not known, nor critically,
is the threshold of malfunction up to which sick synapses can
be rescued. It may be that individual strategies are needed for
individual diseases, or that there are common pathways that will
allow a more global intervention, independent of specific pathol-
ogy. Recently, strengthening synaptic density in the hippocam-
pus by neural stem cell transplantation in a mouse model of AD
abrogated memory problems in mice independently of effects on
AB or tau pathology.?> Could such a system bypass the effects
neurotoxic species in many or all of these disorders? Clearly the
search for both generic and specific mechanisms and solutions
are critically important. A key advance however is the focus on
finding new early clinical readouts of neurodegenerative disease,
both in mice and ultimately in humans. Early detection is key for
any intervention and the possibility of preclinical testing of thera-
peutic strategies through cognitive endpoints in these disorders is
well worth pursuing.
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