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Post-natal knockout of prion protein alters
hippocampal CA1 properties, but does not

result in neurodegeneration
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Prion protein (PrP) plays a crucial role in prion dis-
ease, but its physiological function remains unclear.
Mice with gene deletions restricted to the coding
region of PrP have only minor phenotypic deficits, but
are resistant to prion disease. We generated double
transgenic mice using the Cre-loxP system to examine
the effects of PrP depletion on neuronal survival and
function in adult brain. Cre-mediated ablation of PrP
in neurons occurred after 9 weeks. We found that the
mice remained healthy without evidence of neuro-
degeneration or other histopathological changes for
up to 15 months post-knockout. However, on neuro-
physiological evaluation, they showed significant
reduction of afterhyperpolarization potentials (AHPs)
in hippocampal CA1 cells, suggesting a direct role for
PrP in the modulation of neuronal excitability. These
data provide new insights into PrP function. Further-
more, they show that acute depletion of PrP does not
affect neuronal survival in this model, ruling out loss
of PrP function as a pathogenic mechanism in prion
disease and validating therapeutic approaches target-
ing PrP.
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Introduction

The normal cellular form of the prion protein (PrP°)
is a ubiquitously expressed glycosylphosphatidylinositol
(GPI)-anchored glycoprotein that plays a central role in the
pathogenesis of the transmissible spongiform encephalo-
pathies or prion diseases, such as scrapie, bovine spongi-
form encephalopathy (BSE) and Creutzfeldt-Jakob
disease (CJD). These are fatal neurodegenerative condi-
tions in which there is accumulation of a protease-resistant
isoform of PrP¢, PrPS¢, associated with infectivity but
which may not be directly toxic to neurons (Brandner et al.,
1996; Hill et al., 2000). Mice devoid of PrP¢ are resistant
to scrapie and do not accumulate PrPS¢, propagate
infectivity or develop pathology (Bueler er al., 1993).
However, while PrP¢ expression is essential for scrapie
pathogenesis, the normal biological function of PrP
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remains enigmatic and the possibility that the loss of this
function contributes to scrapie pathogenesis remains
unresolved. This is of key significance to the development
of potential therapeutic strategies in prion disease, where
PrPe itself may be the major target.

PrP is encoded by the highly conserved single-copy
gene Prnp (Oesch et al., 1985), which is expressed at high
levels throughout adult life, predominantly in neurons
(Kretzschmar et al., 1986; Manson et al., 1992). PrP°¢ is
mainly localized at synapses, in cholesterol-rich micro-
domains or caveolae (Vey et al., 1996; Naslavsky et al.,
1997); yet two separate lines of PrP-null (Prnp®°) mice in
which the genetic ablation of Prnp is confined to its coding
region reveal relatively little about PrP function. These
mice appear developmentally and behaviourally normal
(Bueler et al., 1992; Manson et al., 1994), although closer
examination reveals defects in neurophysiological and
biochemical function. These include defects in synaptic
(Collinge et al., 1994; Manson et al., 1995) and
hippocampal cell function (Colling et al., 1995) similar
to those seen in mice and hamsters infected with scrapie
(Jefferys et al., 1994; Johnston et al., 1998; Barrow et al.,
1999) and reminiscent of the electroencephalographic
abnormalities in human prion disease (Cathala and Baron,
1987). Changes in the membrane localization of neuronal
nitric oxide synthase (nNOS) also occur in both Prnp%°
and scrapie-infected animals (Ovadia et al., 1996; Keshet
et al., 1999). PrP binds Cu?* ions (Hornshaw et al., 1995;
Brown et al., 1997a) with femtomolar affinity (Jackson
et al., 2001), and reduced Cu?*/Zn?*-dependent SOD-1
activity has been found in Prnp®° mice (Brown et al.,
1999) and Prnp”® neurons are more vulnerable to
oxidative stress in culture than PrP-expressing wild-type
neurons (Brown et al., 1997b). Increased neuronal excit-
ability and aberrant nNOS function, as well as enhanced
vulnerability to oxidative stress, are associated with
neuronal damage and death. Therefore, the functional
depletion of PrP° in prion disease may contribute to the
process of neurodegeneration.

There are three further PrP-null lines of mice in which
more extensive deletions of the Prnp gene result in ectopic
expression in brain of the PrP-like protein Doppel (Dpl)
due to up-regulation of the downstream gene Prnd (Moore
et al., 1999; Li et al., 2000). These mice develop ataxia
and cerebellar neurodegeneration (Moore et al., 1999; Li
et al., 2000; Rossi et al., 2001), which is rescued by the co-
expression of PrP, and transfection of cultured neuronal
cells from one of these lines with a PrP-expressing plasmid
rescues the cells from apoptosis (Kuwahara et al., 1999).
Similarly, mice expressing the truncated PrP molecule
A32-135 (but no wild-type PrP) also develop ataxia and
neurodegeneration, but not if PrP° is co-expressed
(Shmerling et al., 1998). Clearly, the neurotoxicity
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Fig. 1. The MloxP construct and PrP expression in tg37 and tg46 mice.
(A) MlioxP construct containing the floxed murine PrP coding region
(PrP ORF, white box) within the CosSHaTet expression vector (exons
represented by grey boxes) before (upper image) and after Cre-
mediated recombination (lower image). Black triangles represent loxP
sequences. The annealing site of DNA probe A used in Southern
blotting is shown. (B) Western blotting showing PrP expression in
wild-type, tg37 and tg46 mouse brains using antibody 6H4 (Prionics).
B-actin was simultaneously detected to control for loading differences
between the samples. After quantitation of relative signal intensities,

expression levels of PrP by tg46 and wild-type mice are similar and
~3-fold lower than in tg37 mice.

associated with Dpl or PrPA32-135 expression only
occurs in the absence of PrPe.

The demonstration, or exclusion, of any neuroprotective
role for PrP¢ is of central importance in understanding the
pathological mechanisms involved in prion disease and in
designing therapeutic strategies. In Prnp® mice (without
ectopic Doppel expression), loss of PrP function may be
largely compensated for by adaptive mechanisms opera-
tive in the embryo masking such effects. Therefore, to
address the key question of whether acute loss of PrP
function is deleterious, we made transgenic mice using the
Cre—loxP system (Sauer and Henderson, 1988) in which
PrP knockout was targeted to neurons in the adult mouse,
and the effects of acute PrP depletion on neuronal survival
and function were analysed.

Results

Generation and characterization of MloxP
transgenic mice expressing PrP

We microinjected FVB Prnp®° (Bueler et al., 1992) eggs
with the MloxP transgene (Figure 1A) and produced five
transmitting founders whose progeny expressed PrP. We
performed all further phenotypic characterization in
hemizygous mice, as this would reflect the zygosity of
the MloxP transgene of double transgenic mice in the
conditional knockout model. Hemizygous tg46 and tg37
mice derived from two founders expressed PrP in brain at
or above wild-type levels, respectively, as determined by
semi-quantitative western blotting (Figure 1B). tg46 mice
also expressed wild-type levels of PrP in spinal cord,
peripheral nerve and spleen (data not shown). We found
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the same regional variations in PrP immunostaining in
brains of tg46 and tg37 mice as seen in wild-type mice
(Sales et al., 1998; Figure 5A, a, f, k and p, wild-type mice;
b, g, 1 and q, tg46 mice and tg37 mice, data not shown).
tgd6 mice succumbed to intracerebral inoculation of
scrapie strain RML (Rocky Mountain Laboratories) with
an incubation period of 122 * 2 days, similar to that of
wild-type FVB mice, and showed characteristic neuro-
pathology and accumulation of PrPS¢ (data not shown).
tg37 mice had a short incubation period of 77 = 5 days,
consistent with higher levels of PrP expression.

We also showed that expression of PrP from the MloxP
transgene rescued a specific neurophysiological phenotype
of Prnp®0 mice: the abolition of the slow afterhyperpolar-
ization (AHP) in CAl pyramidal cells (Colling et al.,
1996). tg46 and tg37 mice had slow AHP values in CAl
cells equivalent to those of wild-type FVB mice (Table I)
and significantly different from values recorded in Prnp®°
control mice (Barrow et al., 2000).

In summary, our results show that PrP expression in
tgd6 mice hemizygous for the MloxP transgene is
quantitatively and qualitatively similar to that in wild-
type mice (Table I).

Generation and characterization of NFH-Cre
deleter lines

We produced NFH—Cre transgenic mice expressing the
phage Pl enzyme Cre recombinase (Hamilton and
Abremski, 1984) using the control elements of the murine
neurofilament (NFH) gene (Julien et al., 1988; Figure 2A).
We used Prnp™ FVB oocytes as before so that all PrP
expression would be from the MloxP transgene in double
transgenic NFH-Cre—-MI/oxP animals.

We detected Cre mRNA expression in brains of F,
progeny of four of five transmitting founders (Cre 7, 22, 27
and 29) by northern blotting (data not shown) and assessed
functional expression of Cre by assessing the efficiency of
in vivo Cre-mediated recombination of floxed transgenes.
Using quantitative Southern blotting analysis on whole-
brain DNA from double transgenic MloxP—Cre 22 mice,
we found that the proportion of the MloxP transgene that
had undergone Cre-mediated recombination was 29-38%
(mean 33%; tg46—Cre 22 mice, n = 12; range 29-37%,
Cre 22-tg37 mice, n = 5; range 32-38%; Figures 1A and
2B). This was consistent both within litters and also
between unrelated double transgenic animals, and was
independent of copy number of the transgene: single copy
in tg46, five to seven copies in tg37. There were no double
transgenic animals >12 weeks old in which recombination
had not occurred or had occurred at a lower frequency.
Neuron-derived DNA in whole-brain extracts is estimated
at ~20% (Ma et al., 1999), but may vary according to
mouse strain, supporting the conclusion that Cre-mediated
deletion of the M/oxP transgene in Cre 22-MloxP double
transgenic animals is occurring in the large majority of, if
not all, neurons.

We confirmed this by demonstrating Cre-mediated
activation of B-galactosidase (lacZ) transgene expression
mice in neurons throughout the central and peripheral
nervous systems using mice from the Cre reporter strain
Rosa26R (R26R; Soriano, 1999) crossed with Cre 22 mice
(Figures 3 and 4). Microscopically, lacZ expression was
especially intense in neuron-rich regions such as the
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Table I. Characterization of MloxP transgenic lines

Mouse line Prnp%® tg37 tgd6 FVB/wt
MloxP transgene copy number n/a 5-7 1 n/a
PrP expression cf. wild type 0 X34 X1 1
Scrapie incubation period in days = SD n/a T2 +5m="17) 122 £ 2 (n=12) 130 £ 1 (n=06)
(RML, intracerebrally; n = number of mice)
Slow AHP in CAl cells (Barrow et al., 2000) absent rescued rescued present
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Fig. 2. NFH-Cre transgene, temporal expression. (A) The NFH-Cre
construct containing the Cre-coding region (grey box) inserted into
exon | (E1) of the murine NFH gene upstream of the NFH start codon
(ATG). Black box, SV40 polyadenylation signal; white boxes, NFH
exons. NLS/ATG, nuclear localization signal and start codon of Cre
gene. (B) Southern blotting of EcoRI-digested DNA from the brains of
two tg46—Cre 22 (lanes 1 and 2), four tg46 (lanes 4—6 and 11) and two
tg37-Cre 22 (lanes 8 and 9) mice. DNA from a Prnp”® mouse brain
was loaded in lane 10. Hybridization of probe with unrecombined

3.2 kb and recombined 2.2 kb fragments is seen in double transgenic
animals, the proportions of each fragment are shown beneath the
image. There is no recombination in tg46 mice. (C) A histogram
showing the time course of onset of Cre-mediated recombination of the
MloxP locus. DNA from brains from three or more tg46—Cre 22 or
tg37—Cre 22 mice or embryos were analysed for recombination by
Southern blotting as above. E, embryonic day; P, post-natal day; w,
weeks of age. Mean values for the number of mice indicated are
depicted. For all time points up to 12 weeks, n = 3.

hippocampus (regions CA1-3 and dentate gyrus) and brain
stem nuclei, as well as in cerebellar pyramidal cells
(Figure 4A). In no sections did there appear to be
subpopulations of cells that did not stain blue with 5-
bromo-4-chloro-3-indolyl B-D-galactopyranoside (x-gal).
In addition, we did not see leakiness of lacZ expression in
any of the sections from control R26R animals. We
confirmed neuronal specificity of Cre expression using
counter-immunostaining techniques in x-gal-stained sec-
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Fig. 3. Spatial features of NFH-Cre transgene expression in
R26R-Cre 22 mice at the macroscopic level. (A) LacZ expression in
R26R-Cre 22 mice and their R26R littermates (top panel) was
determined by x-gal staining of brains. There is strong lacZ expression
in whole brains of R26R—Cre 22 mice where Cre expression has
allowed transcription of the lacZ gene. There is no lacZ expression in
the absence of Cre, in the R26R brain. In the lower panel, a lacZ-
expressing transgenic mouse, PrP-lacZ, which has high forebrain
expression of lacZ (E.A.Asante, unpublished data), was used as a
positive control; the R26R—Cre 22 mouse brain (centre) shows lacZ
expression throughout fore and hind brain in comparison. (B) LacZ
expression was seen throughout the central and peripheral nervous
system in R26R—Cre 22 mice.

tions (Figure 4B). There is overlap of x-gal staining due to
lacZ expression (blue) with neuron-specific NFH staining
(brown) producing a greenish effect (Figure 4B, centre
panel), but not with the astrocyte-specific marker glial
fibrillary acidic protein (GFAP), which also stains brown
(Figure 4B, right panel).

We used data from Southern blotting analysis of
recombination in brain DNA from MloxP-Cre 22 mice
to detect the onset of activation of NFH-Cre expression
and found that this occurred at ~10 weeks postnatally. We
analysed the brains of at least three embryos or mice daily
from day E12 of embryonic development through to
postnatal day 2, and then at intervals of 3 weeks up to
22 weeks of age. Quantitative DNA analysis on the
Southern blotting did not reveal the presence of low
amounts of the deleted fragment at earlier time points,
consistent with genuine late activation of the NFH-Cre
transgene in Cre 22 mice, rather than cumulative deletion
of the MloxP locus over time.

In summary, these data show that in Cre 22 transgenic
mice Cre recombinase is highly expressed from ~10 weeks
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Fig. 4. Spatial features of NFH—Cre transgene expression in
R26R-Cre 22 mice at the histological level. (A) The x-gal-stained
brains of the R26R—Cre 22 and R26R mice above were sectioned and
counterstained with Nuclear Fast Red (NFR). The strong expression of
lacZ was seen throughout the brains of R26R—Cre 22 mice, particularly
in neuron-rich regions such as the hippocampus. No lacZ expression
was detected in the absence of Cre expression in R26R brains.

(B) Sections from these mice were counter-immunostained using
antibodies against NFH and GFAP to define cell types expressing lacZ.
x-gal and NFH staining are superimposed (centre panel), whereas
GFAP staining is distinct from the x-gal-stained cells and regions,
confirming neuronal, but not astrocytic, distribution of Cre expression.
Scale bar = 100 pm. CA1 and CA3 regions of hippocampus are
indicated. An astrocyte is boxed. Arrows indicate pyramidal cells in
cerebellum. mol, molecular layer; gr, granule cell layer of cerebellum.

postnatally in post-mitotic neurons throughout the nervous
system.

Adult-onset knockout of PrP in tg46-Cre 22 mice
We crossed Cre 22 mice with tg46 mice, in which PrP
expression is both quantitatively and qualitatively very
similar to wild-type mice, in order to knock out PrP in
adult mice to study the uncompensated effects of acute PrP
depletion.

Knockout of PrP expression in tg46-Cre 22 mice
We performed immunohistochemistry on frozen brain
sections from three 12-week-old tg46—Cre 22 mice with

Adult-onset PrP knockout in neurons

confirmed deletion of the MloxP transgene by Southern
blotting to examine the extent and distribution of PrP
knockout over different regions and cell types. We found
absence of detectable PrP expression using anti-PrP
antibodies 6H4 and ICSM18 throughout all regions of
the brain in these animals (Figure 5A, ¢, h, m and r, and B,
lower panel), recapitulating the distribution of Cre
expression inferred from x-gal staining of R26R—Cre 22
mice (Figure 4). Only ependymal cells of choroid plexus in
tg46—Cre 22 mice, which are of glial origin, showed
positive PrP immunostaining (Figure 5C). In contrast, tg46
littermates had a normal wild-type pattern of PrP expres-
sion (Figure 5A, a, f, k, p and b, g, 1 and q). Use of the
avidin-biotin complex amplification system did not result
in detection of PrP in double transgenic mice (data not
shown). tgd6—Cre 22 mice were equivalent to tg46
littermates with respect to o-galactocerebroside (0-G)
antigen expression, used as a positive control of the
immunohistochemical staining process (Figure 5B). On
immunohistochemistry, tg46—Cre 22 mice pre-knockout
(<10 weeks of age) had identical patterns of PrP expres-
sion to tg46 mice (data not shown).

Normal phenotype and brain morphology of
tg46-Cre 22 mice

We screened tg46—Cre 22 mice and their non-double
transgenic littermates for phenotypic abnormalities using
the SHIRPA primary screening protocol (Rogers et al.,
1997), using at least four males and four females of each
genotype (tg46, Cre 22, Prnp®® and tgd6—Cre 22) at two
time points: aged 3-5 months, soon after loss of PrP
expression; and later, 6-15 months post-knockout. PrP-
deficient tg46—Cre 22 animals were indistinguishable from
controls with respect to general morphology, develop-
ment, gait, posture, motor control, co-ordination, auto-
nomic function, general excitability and aggression at
either time point post-knockout. All mice were equally
healthy whether they were congenitally deficient in PrP
(Prap"0 and Cre 22 mice), expressed physiological levels
of PrP (tg46 mice) or for up to 15 months after the acute
depletion of PrP expression (tg46—Cre 22 mice). We
confirmed MloxP transgene recombination in two double
transgenic mice from each group by Southern blotting
(data not shown). We examined two 18-month-old double
transgenic tg46—Cre 22 mice neuropathologically and
found normal structure and appearance of all brain regions
based on Nissl, NFH, synaptophysin, MAP2, calbindin and
GFAP staining, indistinguishable from those of controls
(data not shown). There was no evidence of neurodegen-
eration.

Conditional knockout models of PrP are resistant
to scrapie

In order to confirm loss of PrP function with respect to
scrapie susceptibility, five tg46—Cre 22 mice and four tg46
littermates were inoculated intracerebrally with RML
prions at 13 weeks of age, after PrP knockout was
estimated to have occurred. All tgd6 mice developed
scrapie symptoms in ~122 days (range 120-125) and
showed classical neuropathological features of scrapie
(data not shown). None of the tg46—Cre 22 mice developed
scrapie symptoms for up to 400 days post-inoculation,
implying that susceptibility to scrapie was eliminated or
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Fig. 5. Knockout of PrP expression in brains of tg46~Cre 22 mice. (A) Immunohistochemistry for PrP¢ in wild-type, tg46, tg46—Cre 22 and Prnp®0
brains. Loss of PrP immunoreactivity to ICSM18 was seen in tg46—Cre 22 mouse brain sections, producing appearances equivalent to ICSM15-stained
sections, which did not bind to mouse brain proteins and acted as a negative control. Serial frozen sections were stained for PrP¢ with ICSM18 and
6H4 and with anti-gangliocerebrosidase C (0i-G) and ICSM15 antibodies. Counterstaining was with haematoxylin. (B) Macroscopic appearance of
sections from tg46 and tg46—Cre 22 mouse brains immunostained as above. The staining patterns with o-G (positive control) and ICSM15 (negative
control) were equivalent in the tg46 and conditional knockout mice, but the signal from PrP was undetectable with both 6H4 and ICSM18 in
tg46—Cre 22 brain. (C) Section of tg46—-Cre 22 mouse containing choroid plexus (CP) shows immunostaining of ependymal cells by 6H4 antibody,

which does not occur in Prnp®° sections. Scale bar = 100 pm.

the incubation period was significantly prolonged in these
mice, at least up to this point. The brain of one animal
culled due to intercurrent illness was examined neuro-
pathologically at 370 days and no features of scrapie nor
accumulation of PrPS¢ were seen on histopathological
examination (data not shown).

Neurophysiological changes in hippocampal CA1
cells after conditional knockout of PrP

We looked at the AHP in our adult-onset PrP knockout
model to see whether we could reproduce the AHP
phenotype of Prnp®® mice (Colling et al., 1996) and
whether this is directly due to the loss of PrP expression
rather than reflecting complex secondary effects due to
embryonic knockout. We found that both slow and
medium AHPs resulting from trains of 1-15 action
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potentials in CAl cells of tgd6—Cre 22 mice were
significantly reduced (slow AHP, -0.3 = 0.05 mV;
medium AHP, -1.35 = 0.1 mV; n = 14 cells, six ani-
mals), in contrast to those of tg46 controls (slow AHP,
-0.97 = 0.13 mV; medium AHP, -1.8 = 0.15 mV;
n = 10 cells, five animals; P <0.001 for slow and medium
AHP; Figure 6). Resting potentials, input resistances
and action potential thresholds and amplitudes were
not significantly different between the two groups
(Table II).

In summary, we show the abolition of detectable
neuronal PrP expression at ~10 weeks in a transgenic
mouse model in which its expression up to this point is
qualitatively and quantitatively equivalent to that in wild-
type mice. This knockout is without major detrimental
effects for up to 15 months after its onset, but we have
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Fig. 6. Abolition of AHP in hippocampal CA1 cells of conditional PrP-
knockout mice. (A) Sample traces showing the AHPs following a burst
of 12 action potentials in CA1 pyramidal cells (action potentials have
been truncated). In tg46—Cre 22, amplitudes of both the medium and
slow AHPs were significantly reduced compared with tg46. (B) Average
medium and slow AHPs in the tg46 and tg46—Cre 22 groups. Results
extracted from ANOVA test. Values were derived from all numbers of
action potentials; SEMs represent the variance after that attributable to
the different numbers of action potentials had been accounted for and
removed (*two—way ANOVA, P <0.001 for both medium and slow
AHPs; tg46, n = 10 cells; tgd6—Cre 22, n = 14 cells).

demonstrated neurophysiological abnormalities in hippo-
campal pyramidal cells that indicate a role for PrP in the
proper activation of the AHP in these cells.

Discussion

The finding that the knockout of PrP in neurons of adult
mice has no detrimental effect for up to 15 months post-
knockout has significant implications. Until now, a major
unresolved issue in prion biology has been whether the
loss of PrP function contributes to the pathology of
scrapie, which would also affect potential therapeutic
strategies in prion disease.

Indeed, neurons from both Prnp"? mice and scrapie-
infected animals show similar changes in neurophysiolo-
gical function (Collinge et al., 1994; Jefferys et al., 1994;
Manson et al., 1995; Colling et al., 1996; Johnston et al.,
1997) and biochemical properties (Ovadia et al., 1996;
Keshet er al., 1999). Altered neuronal excitability can
predispose individuals to neuronal damage and death
(Leist and Nicotera, 1998) and it is possible that loss of PrP
function contributes to scrapie pathogenesis in this way.
However, these abnormalities are non-pathogenic in
Prnp0 mice, which are otherwise phenotypically normal
(Bueler et al., 1992; Manson et al., 1994). It is possible
that the viability of Prnp®° mice reflects the activation of

0/0
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Table I Intrinsic properties of CAl pyramidal cells in tg46 and
tg46—Cre 22 mice

tg46 tg46—Cre 22

Input resistance (MQ)
Resting membrane potential

26.5 * 2.8 (10)
-61.5 = 1.6 (10)

31.0 £35(12)
-62.3 + 22 (12)

(mV)

Action potential threshold -52.2 £ 1.1 (10) 534 £ 1.2 (14)
(mV)

Action potential amplitude 944 = 1.6 (10) 91.5 = 2.2 (14)
(mV)

Numbers of cells are in parentheses.

mechanisms compensating for these deficits in the absence
of PrP expression.

Our model affects PrP knockout in neurons of the fully
developed mouse brain at ~10 weeks of age, bypassing
compensatory mechanisms during neurodevelopment and,
for the first time, allows us to directly observe the effects
of acute depletion of PrP after its normal expression
throughout development. In a previous attempt at condi-
tional knockout of PrP using the fer system (Kistner et al.,
1996), expression of the PrP transgene prior to its induced
repression was associated with embryonic and neonatal
lethality in double transgenic mice. Thus, the authors had
to repress PrP expression throughout gestation and wean-
ing to obtain viable animals for interpretation of the effects
of PrP knockout later in adult life (Tremblay et al., 1998).
However, the fact that the acute knockout of PrP was
found to be non-pathogenic when PrP was not physiolo-
gically expressed prior to knockout is uninterpretable.
Indeed, significant levels of PrP persisted even after gene
repression (Tremblay et al., 1998).

Critically, we established that PrP expression from the
MiIoxP transgene in our model was quantitatively and
qualitatively indistinguishable from that in wild-type mice
up to the point of knockout, which is central to the
interpretation of the effects of subsequent loss of expres-
sion. After PrP knockout in tg46—Cre 22 mice, we did not
detect PrP expression in brain using immunohistochemical
techniques, except in ependymal cells of choroid plexus.
This must reflect loss of neuronal expression of PrP,
recapitulating the pattern of Cre-mediated activation of
lacZ expression in neurons seen in R26R—Cre 22 mice.
Significantly, we were able to show functional conse-
quences of PrP depletion, with reduction of medium and
slow AHPs in hippocampal CAl cells of tg4d6—Cre 22
mice.

Yet despite this demonstration of PrP knockout in adult
mice at genomic, histological and neurophysiological
levels after prior physiological expression, we found that
these mice were morphologically and behaviourally
normal and devoid of detectable neuropathological abnor-
malities for up to 15 months post-knockout. Therefore, our
model confirms that the acute loss of PrP function in adult
neurons is without detrimental sequelae.

PrP is also expressed at low levels in glia (Moser et al.,
1995) and on the surface of blood cells (Cashman et al.,
1990), and it has been noted that GPI-anchored proteins
can transfer between cells in vivo by GPI painting
(Kooyman et al., 1995). It is unlikely that such mechan-
isms are significant in our model, as our neurophysio-
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logical data strongly suggested that PrP knockout in
neurons has not been functionally compensated.

The survival of conditional knockout mice inoculated
with RML prions for up to 400 days without scrapie
symptoms suggests that loss of neuronal PrP¢ has indeed
significantly delayed or possibly even abrogated suscep-
tibility to scrapie in this model. Interestingly, transgenic
mice in which hamster PrP is only expressed in glia using
the GFAP promoter are susceptible to the hamster scrapie
strain 237K, although a few mice did not develop
symptoms, but had PrPS¢ accumulation in brain (Raeber
et al., 1999). It may be that scrapie resistance observed to
date in our model reflects lower levels of PrP in glia, than
when this is expressed using the GFAP promoter.

These data effectively eliminate any persisting doubt as
to whether any crucial function of PrP is compensated for
in previous Prnp”0 models (Bueler et al., 1992; Manson
et al., 1994). In fact, they confirm a specific phenotype
(Colling et al., 1996) and the limited effects of loss of PrP
function already reported in these models.

Significantly, our model provides new insights into the
possible physiological function of PrP. The fact that the
slow AHP in hippocampal CAl cells was effectively
abolished by the conditional knockout of PrP in
tg46—Cre 22 mice as in Prnp™ mice (Colling et al.,
1996), strongly suggests that this is specifically due to the
absence of PrP, reflecting loss of a differentiated neuronal
function rather than a developmental deficit. The slow
AHP results from at least two Ca>*-dependent K+ currents
and controls spike frequency adaptation, which modulates
neuronal and synaptic activity in CAl cells (Sah, 1996;
Sah and Davies, 2000). Reduced Ca**-gated K+ curents are
also seen in cerebellar Purkinje cells of Prnp® mice
(Herms et al., 2001). Such channels are modulated by
phosphorylation by non-receptor protein Src tyrosine
kinases (PTKs), which, like PrP, are located in caveolae,
as a means of modulating synaptic transmission. Recently,
it was proposed that PrP is a neuronal signalling protein
with the demonstration of caveolin-1-dependent activation
of Fyn tyrosine kinase by cross-linking of PrP° on the
surface of neuronal IC11 cells (Mouillet-Richard et al.,
2000). Our data suggest that Ca>*-dependent K* channels
contributing to the AHP could be a potential target for
modulation by Fyn-mediated PrP signalling.

In conclusion, it appears that the loss of the normal
function of PrP¢ is unlikely in itself to be significant in the
pathogenesis of prion disease. These findings are of critical
importance in the context of potential therapeutic strat-
egies in prion disease. It will be of great interest to observe
the effects of Cre-mediated PrP depletion during the
course of scrapie infection. The resolution of symptoms
and pathology—a cure—in inoculated animals in which
PrP¢ knockout occurs during scrapie infection would
validate PrP¢ depletion as a target in the treatment of prion
disease.

Materials and methods

Generation of transgenic mice

Primers S (5-CCCGGGGTCGACATAACTTCGTATAGCATACAT-
TATACGAAGTTATAGGAGAGCCAAGCAGACTAT-3") and AS
(5’-CGCGCGCTCGAGATAACTTCGTATAATGTATGCTATACG-
AAGTTATCTCATCCCACGATCAGGAAG-3") were used to flank
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Prnp ORF [bases 100-862 of Prnp cDNA (Locht et al., 1986)] with
loxP sites (bold). Thirty cycles (45 s at 94°C, 60 s at 57°C and 60 s at
72°C) were performed using Pfu DNA polymerase (Stratagene).
Sall-Xhol-digested PCR product was ligated to CosSHaTet vector
(Scott et al., 1992) and transgenic mice were generated by microinjection
of a 43 kb Notl fragment (M/oxP construct) into eggs from mice of mixed
Sv129/C57BI/FVB background obtained by crossing original Prnp®0
mice (Bueler et al., 1992) with FVB mice.

The NFH-Cre construct was generated by cloning a 1.6 kb Xbal
fragment of plasmid pNLSCre into the NotI site of the murine NFH gene.
Transgenic mice were generated by microinjection of 14 kb NFH—Cre
construct into Prnp”0 eggs as above.

Southern blotting

Founder mice for both constructs were identified by PCR and Southern
blotting using the capillary transfer method (Sambrook et al., 1989),
Hybond N* nylon membrane (Amersham) and alkaline blotting
conditions. Transgene sequences were detected using DNA probes: a
949 bp Sall-HindIIl fragment of the Syrian hamster PrP gene 3’UTR for
MloxP sequences (probe A) and a 1.2 kb BamHI fragment of the Cre
recombinase gene (probe B) for detection of NFH—Cre sequence. Probes
were labelled with [0-32P]dCTP (Amersham) with the Prime-it II
Random Primer Labelling Kit (Stratagene) and used at a concentration
of 1 X 10° c.p.m./ml in ULTRAhyb hybridization solution (Ambion) at
42°C. Membranes were exposed to X-ray film or scanned with a STORM
840 phosphoimager (Amersham Pharmacia). Image analysis and signal
quantitation were performed using ImageQuant and Fragment Analysis
software programmes (Amersham Pharmacia). For transgene copy
number estimation, membranes were stripped by boiling in 0.5% SDS,
0.1X SSC then re-probed with a 1 kb EcoRI-BamHI fragment of the
neomycin resistance gene, neo (Bueler et al., 1992), present in two copies
in all cells and the relative signals quantitated.

Northern blotting

Poly(A)* mRNA [3 ug; obtained from total brain RNA using the Oligotex
mRNA mini kit (Qiagen)] was electrophoresed on a 1% denaturing
agarose midi-gel (I M boric acid, 0.5 uM EDTA, 16.7% v/v
formaldehyde). Capillary transfer and hybridization were performed as
for Southern blotting, as were washing and image development. Filters
were stripped by boiling in 0.5% SDS and checked as above, then probed
with an 800 bp NofI-Nrul fragment of the NFH gene and a 1.2 kb cDNA
of the GAPDH gene for detection of NFH and GAPDH mRNAs,
respectively.

Western blotting

Aliquots (20 ul) of 10% (w/v) tissue homogenates of tissue in
2X SDS-PAGE sample buffer (125 mM Tris—HCI pH 6.8, 4% SDS,
20% glycerol, 0.05% bromophenol blue) were electrophoresed through a
16% polyacrylamide 1 mm gel (NOVEX). Proteins were blotted onto
Immobilon-P membrane (Millipore) by wet blotting. PrP was detected
using primary monoclonal antibody 6H4 (Prionics AG) at 1:5000 dilution
and secondary antibody goat anti-mouse IgG-alkaline phosphatase
conjugate (Sigma) at 1:10 000 dilution. The signal was developed
using enhanced chemifluorescence reagents (Pierce) and quantitated
using software programs as above. Membranes were simultaneously
probed with anti-f actin antibody (Sigma) at 1:25 000 dilution for
quantitation of PrP expression. Homogenates were digested with 50 pg/
ml proteinase K at 37°C prior to electrophoresis for detection of PrPSc,

Immunohistochemistry in frozen sections

Animals were killed by cranio-cervical dislocation. The brain was rapidly
removed, immersed in Tissue-Tek OCT embedding medium (Bright
Instruments Ltd) and placed on dry ice. Sections (8 wm) were cut from
frozen tissue using a cryostat (Leica) and electrostatically attached to
Super-frost glass slides (BDH), then left to dry overnight at room
temperature. Sections were fixed in acetone for 10 min and dried.
Endogenous peroxidase activity was blocked by incubation in 0.3% H,0,
in 70% methanol in phosphate-buffered saline (PBS) for 30 min at room
temperature and a blocking step was performed by incubation in 5% goat
serum in PBS for 30 min. Primary antibodies 6H4 (Prionics) or ICSM18
(Hill et al., 2000), which detect similar PrP epitopes (A.Khalili-Shirazi,
unpublished data), were both used at 1:100 dilution added for 1 h. The
slides were washed three times in PBS for 5 min each, followed by 45 min
incubation in horseradish peroxidase-conjugated goat anti-mouse sec-
ondary antibody (Sigma; 1:200 dilution), followed by washing as above.
They were then incubated in 3,3’-diaminobenzidine tetrahydrochloride
(DAB) solution (Sigma; 50% w/v DAB, 0.03% v/v H,O, in PBS) for



10 min. After rinsing, counterstaining was with haematoxylin (Harris) for
5 min. Excess stain was removed by rinsing in ddH,O, followed by
differentiation in acid alcohol (1% HCI in absolute alcohol). Stained
sections were cleared in xylene and mounted. ICSM 15 was used as a
negative isotype control at 1:100 dilution and anti-gangliocerebrosidase C
(Sigma; 1:100 dilution) was used as a positive control for myelin
detection.

Immunohistochemistry in fixed tissue

Tissues were fixed in 10% buffered formal saline overnight, processed
and paraffin embedded. Sections (4 um) were stuck to Super-frost slides
and allowed to dry overnight at room temperature and then for 2 h at
60°C. Slides were de-waxed in increasing concentrations of alcohol.
Endogenous peroxidase activity was blocked in 2.5% H,0, in methanol
for 30 min at room temperature, followed by two 5 min washes in distilled
water, after which the sections were placed in 10 mM sodium citrate pH 6
and heated at 900 W in a microwave oven for 5 min. The sections were
washed in running tap water for 5 min and placed in Tris-buffered saline
pH 7.6 (TBS; 10 mM Tris, 140 mM NaCl). Non-specific binding was
blocked with 10% swine serum (or rabbit serum in TBS depending on
origin of secondary antibody). After primary antibody binding, sections
were incubated in biotinylated porcine secondary antibody (Dako) for
45 min, washed twice in TBS for 2 min and then incubated with the ABC
complex (Dako) for 30 min. Signal development was with DAB as
described above.

The following antibodies and dilutions were used: anti-GFAP
polyclonal antiserum (Dako; 1:500 dilution), anti-NFH 200 (1:200
dilution), anti-MAP2 clone HM-2 (1:500 dilution), anti-calbindin clone
D28K (1:200 dilution) and anti-synaptophysin clone SVP-38 (1:200
dilution; Sigma).

p-galacotosidase staining

Mice were terminally anaesthetized and transcardially perfused with 2%
paraformaldehyde, 0.2% gluteraldehyde, 2 mM MgCl, and 5 mM EGTA
in PBS pH 7.3. Brains and spinal cords were removed and fixed in the
same solution for 30 min at room temperature with gentle agitation, then
washed three times in rinse solution (2 mM MgCl,, 0.1% sodium
deoxycholate, 0.1% NP-40 in PBS). Staining was performed overnight at
37°C in the rinse solution containing x-gal (Sigma) at 1 mg/ml, 4 mM
potassium ferricyanide and 4 mM potassium ferrocyanide. Samples were
washed three times in 1X PBS, then dehydrated in ethanol and glycerol
2:1 v/v for 15 min, followed by clearing in a 1:1 and then a 1:9 mix of
1X PBS and glycerol. Samples were paraffin embedded, cut into 4 um
sections and counterstained in 1% Nuclear Fast Red solution.

Scrapie transmissions to MloxP and tg46-Cre 22 mice

Mice were inoculated intracerebrally with 30 pl of 1% brain homogenate
of scrapie strain PDG 586 (Rocky Mountain Laboratories). Detection of
PrPS¢ after denaturation of tissue in formic acid was performed as
described previously (Hill et al., 1997).

Phenotypic screening using SHIRPA primary screen

The SHIRPA primary screen (Rogers et al., 1997) was performed on
mice. All assessments were undertaken by the same observer and
performed blind to genotype.

Electrophysiology

Recordings from CA1 pyramidal cells of hippocampal slices from adult
male mice, 12-18 weeks old, of tg46 or tg46-Cre 22 genotype were
performed as described previously (Colling et al., 1996). Experiments
and analysis were carried out in a double-blinded manner with regard to
the identity of the mice, which were randomized using a Latin square
design. Results were analysed statistically using ANOVAs and unpaired
t-tests on a SPSS Systat software package. All results are expressed as
mean = SEM unless stated otherwise.
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