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5.1- Metabotropic glutamate receptor/phospholjpase C pathway: a
wuinerable target to Creutzfeldt-Jakob disease in the cerebral cortex.

A. Rodriguez, M. Freixes, E. Dalfé, M. Martin, B. Puig and I. Ferrer

Neuroscience 131 (2005) 825-832

El glutamato es el principal neurotransmisor en la corteza cerebral.
Se ha sugerido que alteraciones en la transmisién glutamatérigica tienen un
papel central en algunas enfermedades neurodegenerativas. Los mGluRs
estan acoplados a sefiales de transduccion intracelular via proteinas 6. El
grupo I de los mGIuRs estd acoplado positivamente a la PLCB1. La ECJ es una
encefalopatia espongiforme transmisible humana asociada a una disfuncién
en la glicoproteina de membrana PrP que se convierte en una isoforma
anormal, con una estructura predominante de hoja-B, que es patogénica y
parcialmente resistente a la digestion por proteasas. Las proteinas
asociadas a la transduccion de sefiales del grupo I de los mGluRs han sido
examinadas en la corteza frontal (drea 8) de 12 casos con ECJ y cuatro
controles por medio de electroforesis y WB de homogeneizados totales. Los
andlisis densitométricos de las bandas demuestran niveles de expresién
disminuidos de PLCB; y PLCy, una fosfolipasa no relacionada con la
sefializacion glutamatérgica que es sustrato de una tirosina kinasa, en los
casos con ECJ comparados con controles. La nPKCS también se encuentra
disminuida significativamente en los casos ECJ. No se han encontrado
modificaciones significativas en los niveles de expresion de mGIuR; y cPKCa.
No hay modificaciones en la solubilidad de PLCB1, en fracciones solubles en
PBS, desoxicolato y SDS en ECJ comparado con controles. Finalmente, no
hay interacciones entre la PLCB1y la PrP, tal y como revelan los ensayos de
inmunoprecipitacién hechos en controles y ECJ. Estos resultados muestran,
en primer lugar, niveles reducidos de fosfolipasas, particularmente de PLCB;
que puede interferir en la sefializacion del grupo I de los mGIuRs en la
corteza frontal en ECJ. Estas anormalidades no son el resultado de una
solubilidad anormal o de interacciones con la PrP. La participacién selectiva
de los mGIluRs de grupo I puede tener efectos funcionales en el
procesamiento y la modulacion de la transmision glutamatérgica en ECJ.
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METABOTROPIC GLUTAMATE RECEPTOR/PHOSPHOLIPASE C
PATHWAY: A VULNERABLE TARGET TO CREUTZFELDT-JAKOB
DISEASE IN THE CEREBRAL CORTEX

A. RODRIGUEZ,* M. FREIXES,” E. DALFO,” M. MARTIN,®
B. PUIG® AND |. FERRER™"*

“Institut de Neuropatologia, Servei Anatomia Patologica, IDIBELL-
Haospital Universitari de Bellvitge, ¢ Feixa llarga sn, 08907 Hospitalet
de Liobregat, Spain

bUnitat de Neuropatologia Experimental, Universitat de Barcelona,
08907 Hospitalet de Liobregat, Spain

“Departamento de Quimica Inorganica, Organica y Bioquimica, Fac-
ultad de Quimicas, Centro Regional de Investigaciones Biomédicas,
Universidad de Castilla-La Mancha, Ciudad Real, Spain

Ahstract—Glutamate is the main excitatory neurotransmitter
in the cerebral cortex. Altered glutamatergic transmission
has been suggested as having a central role in many neuro-
degenerative diseases. Metabotropic glutamate receptors
(mGIluRs) are coupled to intracellular signal transduction via
G proteins, and they mediate slower responses than iono-
tropic glutamate receptors. Group | mGIuRs are positively
coupled to phospholipase C p1 (PLC,). Creutzfeldt-Jakob
disease (CJD) is a human transmissible spongiform enceph-
alopathy associated with a dysfunction in the membrane
glycoprotein PrP which is converted into an abnormal iso-
form, with a predominant g-sheet structure, that is patho-
genic and partially resistant to protease digestion. Proteins
associated with the signal transduction of group | mGIluRs
were examined in the frontal cortex (area 8) of 12 cases with
sCJD and four age-matched controls, by means of gel elec-
trophoresis and Western blotting of total homogenates. Den-
sitometric analysis of the bands demonstrated decreased
expression levels of PLCP, and PLC+, a non-related phos-
pholipase which is a substrate of tyrosine kinase, in CJD
cases when compared with controls. Novel protein kinase C
& (nPKC4) has also been found to be significantly decreased
in CJD cases. However, no modifications in mGIluR,; cPKCu
expression levels are found in CJD when compared with
controls. No modifications in PLCP, solubility in PBS-, de-
oxycholate- and sodium dodecylsulphate-soluble fractions
have been observed in CJD when compared with controls.
Finally, no interactions between PLC[31 and PrP, as revealed
by immunoprecipitation assays, have been found in CJD and
controls. The present results show, for the first time, reduced
expression levels of phospholipases, particularly PLCp,,
which may interfere with group I mGIuR signaling in the

*Correspondence to: . Ferrer, Institut Neuropatologia, Servei Anato-
mia Patologica, IDIBELL-Hospital Universitari de Bellvitge, ¢/ Feixa
llarga sn, 08907 Hospitalet de Llobregat, Spain.

E-mail address: 8082ifa@comb.es (I. Ferrer).

Abbreviations: AD, Alzheimer’s disease; BSE, bovine spongiform en-
cephalopathy; CJD, Creutzfeldt-Jakob's disease; DAG, diacylglycerol;
DLBD, diffuse Lewy body disease; ER, endoplasmic reticulum; GIuR,
glutamate receptor; IP,, inositol 1,4,5-trisphosphate; mGIuR, metabo-
tropic glutamate receptor; PKC, protein kinase C; PLC, phospholipase
C; PrPe, cellular prion protein; sCJD, sporadic Creutzfeldt-Jakob's
disease; SDS-PAGE, sodium dodecylsulphate—polyacrylamide gel
electrophoresis; TSE, transmissible spongiform encephalopathy.

cerebral cortex in CJD. These abnormalities are not the result
of abnormal PLC solubility or interactions with PrP. Selective
involvement of group | mGIuRs may have functional effects
on glutamatergic transmission modulation and processing in
CJD. ® 2005 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: metabotropic glutamate receptors, phospho-
lipase C, protein kinase C, Creutzfeldt-Jakob disease, prion
diseases.

Glutamate is the main excitatory neurotransmitter in the
CNS whose actions are mediated by glutamate receptors
(GluRs) in target cells. GluRs are classified as ionotropic
and metabotropic receptors. lonotropic GluRs are ligand-
gated cation channels that mediate fast excitatory neuro-
transmission, whereas metabotropic GluRs (mGIuRs) are
coupled to intracellular fransduction via G-proteins, and
mediate slower responses (Conn and Pin, 1997; Michaelis,
1998; Ozawa et al., 1998).

mGIuRs are divided into eight subtypes, which are
categorized into three groups according to signal fransduc-
tion properties. Group |, including mGIuR,; and mGIuRs,
are positively coupled to phospholipase C (PLC). Three
structural groups constitute the PLC system: B, y and &.
PLCB,, which is the most highly expressed of PLCP iso-
forms in the brain, is activated by the G, family of G-
proteins, whereas non-related PLCy is a substrate for
tyrosine kinase (Hamm, 1998; Rebecchi and Pentyala,
2000; Rhee, 2001). Activation of post-synaptic mGIuR,
and mGIuR; promotes PLC, activation, which hydrolyzes
a minor membrane phospholipid, phosphatidylinositol 4,5-
bisphosphate, to produce a pair of intracellular messen-
gers, diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
(IP5). The interaction between IP5 and a protein forming a
calcium channel in the membrane of the endoplasmic re-
ticulum (ER) causes a rapid efflux of Ca®* accumulated in
ER and an increase of free Ca®" in the cytosol. DAG
remaining in the plasma membrane, together with Ca2™,
activates protein kinase C (PKC), which regulates gene
expression through phosphorylation of many target pro-
teins, including several kinases (Hammond, 2003; Phillis
and O'Regan, 2004). Group | mGluRs are implicated in
synaptic plasticity and memory processing (Conn and Pin,
1997; Pin and Acher, 2002).

Prion diseases, also named transmissible spongiform
encephalopathies (TSEs), are a group of neurodegenera-
tive disorders characterized by neuronal loss, astrocytic
gliosis, microgliosis, spongiform change, and abnormal

0306-4522/05$30.00+0.00 ® 2005 IBRO. Published by Elsevier Lid. All rights reserved.

doi:10.1016/].neurosclence.2004.12.023
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prion protein production and deposition (DeArmond et al.,
2003; Knight and Will, 2004). TSEs include scrapie and
bovine spongiform encephalopathy (BSE) in animals, and
Creutzfeldt-Jakob's disease (CJD), fatal familial insomnia,
kuru and Gerstmann-Stratissler-Scheinker disease in hu-
mans (Prusiner, 1997; Aguzzi, 2003; Budka et al., 2003;
DeArmond et al., 2003; Ghetti et al., 2003; Gambetti et al.,
2003). PrP® (cellular prion protein) is an anchored cell
membrane glycoprotein related to copper metabolism and
signal transduction (Prusiner, 1997; Collinge, 2001). PrP®
is expressed in several tissues but is particularly enriched
in the CNS. According to the “protein-only” hypothesis,
TSEs are caused by the conversion of PrP® into an abnor-
mal isoform, PrPse, PRP®® or PRPE=E (for scrapie, CJD
or BSE prion protein, respectively; Prusiner, 1997;
Collinge, 2001; Aguzzi et al., 2001). This process involves
a conformational transformation of an a-helical structure to
a B-sheet structure. PrP=¢, PRP“’® and PRP®E, which
are also named PrP™* because of their resistance fo pro-
teinase K digestion, are able to recruit PrP®, resulting in an
autocatalytic propagation in the pathogenic conformation
(Prusiner, 1997; Collinge, 2001; Aguzzi et al., 2001,
Bratosiewicz-Wasik et al., 2004).

CJD occurs as a sporadic, infectious or inherited dis-
ease. Sporadic CJD (sCJD) is the most frequent type of
CJD, representing about 85% of total CJD cases. A com-
mon polymorphism at codon 129 of PRNP (Prion protein
gene) has important effects on susceptibility to the disease
and on the presence of particular clinical features (Budka
et al., 2003). According to their codon 129 genotype and
PrP type (1 and 2), six forms of sCJD have been estab-
lished (Parchi &t al., 1999).

Several mechanisms are probably implicated in the
degeneration of neurons in CJD (Giese and Kretzschmar,
2001). Among them, those related with synaptic transmis-
sion appear to be crucial in the pathogenesis of CJD.
Decreased numbers of dendritic spines and reduced den-
dritic branches have been shown in pyramidal cortical
neurons and in Purkinje cells (Landis et al., 1981; Ferrer
et al.,, 1981, 1990). Moreover, reduced expression of sev-
eral proteins involved in exocytosis and neurotransmission
has been shown in the cerebral cortex and cerebellum in
CJD (Ferrer et al., 1999, 2000). These findings demon-
strate that pre- and post-synaptic sfructures are vulnerable
to CJD. In addition, excitotoxic mechanisms of neurode-
generation have been postulated in TSEs (Scallet and Ye,
1997). Yet studies on neurotransmitters and their recep-
tors are scanty in CJD. Previous immunohistochemical
observations have shown abnormalities in the expression
of ionotropic glutamate and GABA receptor subunits in the
cerebral cortex and cerebellum in CJD (Ferrer and Puig,
2003). Interestingly, these changes were not merely the
result of synaptic loss, as some subunits were over-
expressed, thus indicating more subtle responses of neu-
rotransmitter pathways to the effects of CJD.

In line with former studies, this work examines by gel
electrophoresis and Western blot the expression levels of
proteins related to group | mGIuRs transduction pathways
in the frontal cortex of 12 cases with sCJD. Proteins in-

clude mGIluR,, PLCB,, cPKCa and nPKCs. Control of
protein degradation has been tested for every protein by
processing the same material in conditions mimicking in-
creased postmortem delay. The present results have re-
vealed reduced PLCR, and nPKC% expression levels,
whereas mGIUR, and cPKCa levels were similar in CJD
cases and controls. These alterations are not related to
changes in the solubility of PLCB,, and they are not likely
associated with abnormal interactions of PLCB, and PrP.
Rather, the present findings support PLCs (covering
PLCP1 and PLCx) as vulnerable targets to CJD.

EXPERIMENTAL PROCEDURES
General aspects

The brains of 12 patients with sCJD and three age-matched
controls were obtained from 3 to 8 h after death and were imme-
diately prepared for morphological and biochemical studies. The
main clinical characteristics are summarized in Table 1. Criteria
for the neuropathological, molecular and phenctypic diagnosis of
CJD used in the present series are those currently accepted and
detailed elsewhere (Parchi et al., 1999; Budka et al., 2003). For
biochemical studies, samples of the frontal cortex (area 8) were
frozen in liquid nitrogen and stored at —80 °C until use. Neuron
loss, spongiform degeneration, astrocytic gliosis and microgliosis
involving the cerebral neocortex, striatum and cerebellum, oc-
curred in every case. Synaptic-like PrP™® deposits were found in
the cerebral cortex and striatum in every case. In addition, PrP™*
plaques were common in the two V2 cases (cases 5 and 8).

In addition, samples of the frontal cortex from one control
individual were obtained at 3 h postmortem and immediately
frozen (time 0), or stored at 4 °C for 3 h, 6 h or 22 h, and then
frozen to mimic variable postmortem delay in tissue processing
and its effect on protein preservation.

Electrophoresis and Western blotting

For Western blot studies, about 0.1 g of frontal cortex was
homogenized in a glass tissue grinder in 10 volumes (w/v) of
cold buffer containing PBS, 0.5%, NP-40, 0.5% deoxycholic
acid sodium salt, 0.1 mM phenylmethylsufonyl fluoride, 5 pg/ml
aprotinin, 10 pg/ml leupeptin, 5 pg/ml pepstatin and 1 mM
sodium orthovanadate, pH 7.5 to inhibit endogeneous phos-
phatases. After centrifugation at 3500 g (Eppendorf, Madison,
WI, USA) for 5 min, protein concentration of total homogenate
was determined with the BCA Protein Assay Kit (Pierce). Thirty
micrograms of protein was mixed with loading buffer containing
0.125 M Tris (pH 6.8), 20% glycerol, 10% B-mercaptoethanol,
4% SDS and 0.002% Bromophenol Blue, and heated at 95 °C
for 5 min. Sodium dodecylsulphate—polyacrylamide gel electro-
phoresis (10% SDS-PAGE) was carried out using a mini-
protean system (Bio-Rad, Life Science, CA, USA) with molec-
ular weight standards (Bio-Rad). Proteins were then transferred
to nitrocellulose membranes using an electrophoretic transfer
system (Semi-dry; Bio-Rad). The membranes were washed
with TTBS containing 10 mM Tris=HCI pH 7.4, 140 mM NaCl
and 0.1% Tween-20. Nonspecific blocking was performed by
incubating the membranes in TTBS containing 5% skimmed
milk for 20 min. Membranes were incubated with the primary
antibodies at 4 °C overnight. The rabbit polyclonal antibodies to
mGIuR, (Upstate, CA, USA) were used at a dilution of 1:1000;
the rabbit polyclonal anti-PLCB, (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and the rabbit polyclonal anti-PLC+y
(Neomarkers) antibodies were used at a dilution of 1:500; the
rabbit polyclonal anti-cPKCa and nPKC3 antibodies (Santa
Cruz Biotechnology) were used at a dilution of 1:1000. The
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Table 1. Main clinical characteristics of CJD and control cases in the present series®

Case number Age Gender Codon 129 14-3-3 CSF EEG First symptom Survival, in months PrP type
CJD1 60 M MM + + Dementia 3 1
CcJD2 60 F MM + + Dementia 6 1
CcJD3 55 M MM + + Ataxia 3 1
CJD4 74 M ? + + Dementia 5 1
CJD5 66 M W + rare Ataxia 4 2
CJD6 53 F MM + + Dementia 2 1
cJD7 85 F MV + + Dementia 14 1
cJD8 71 M W + 0 Ataxia 3 2
CJD9 70 F MM + + Dementia 3 1
CcJD10 59 M MM ? + Dementia 8 1
CJD11 54 M MM + ? Dementia months 1
CJD12 56 M MM ? + Dementia 5 1
Control1 62 M

Control2 72 F

Control3 73 M

# EEG, typical generalized triphasic pseudoperiodic complexes; F, female; M, male; M, methionine; PrP™ type 1, lower band of glycosylated PrP™®
of 21 kDa; PrP type 2, lower band of glycosylated PrP™® of 19 kDa. V, valine.

monoclonal anti-PrP 3F4 antibody (Dako, Carpenteria, CA,
USA) was used at a dilution of 1:500. After rinsing, the mem-
branes were incubated with the corresponding anti-rabbit or
anti-mouse secondary antibodies (Dako) at a dilution of 1:1000
for 1 h at room temperature. The membranes were then
washed and developed with the chemiluminescence ECL sys-
tem (Amersham, Pharmacia, Bucks, UK) followed by exposure
of the membranes to autoradiographic films at 4 °C. The mono-
clonal anti-p-actin antibody (Sigma, St. Louis, MO, USA), at a
dilution of 1:5000, was used as a confrol of protein loading.

Protein solubility

Frozen samples of the frontal cortex (1 g) were homogenized in a
glass homogenizer in 5 ml of ice-cold PBS (sodium phosphate
buffer, pH 7.4, plus protease inhibitors) and centrifuged at 5800x g
at 4 °C for 10 min. The pellet was discarded and the resulting
supernatant was ultracentrifuged at 43,000 g at 4 °C for 1 h. The
supernatant (S2) was kept as the PBS-soluble fraction. The re-
sulting pellet was re-suspended in a solution of PBS, pH 7.4,
containing 0.5% sodium deoxycholate, 1% Triton X-100 and 0.1%
SDS, and it was then ultracentrifuged at 43,000 xg at 4 °C for 1 h.
The resulting supernatant (S3) was kept as the deoxycholate-
soluble fraction. The corresponding pellet was re-suspended in a
solution of SDS 2% in PBS and maintained at room temperature
for 2 h. Immediately afterward, the samples were centrifuged at
43,000xg at 25 °C for 1 h and the resulting supernatant (S4) was
the SDS-soluble fraction. Finally, the corresponding pellet was
re-suspended in a solution of 5% SDS-urea 8 M and incubated by
rotation overnight at room temperature. After centrifugation at
43,000xg at 25 °C for 1 h, the supernatant (S5) was kept as the
urea-soluble fraction. Equal amounts (20 ul) of each fraction were
mixed with reducing sample buffer and processed for 10% SDS-
PAGE electrophoresis and Western blot analysis. The mem-
branes were incubated with anti-PLCB, antibodies as previously.
The protein bands were visualized with the ECL method.

PLCP, immunoprecipitation

Samples (0.1 g) of the frontal cortex were homogenized in a glass
homogenizer in 1.5 ml of ice-cold lysis buffer (PBS, 1 mM sodium
orthovanadate, 1 mM sodium fluoride, 10 pg/ml aprofinin and
1 mM phenylmethylsulfonyl flucride) and centrifuged at 5800xg
for 10 min at 4 °C. The supernatant S1 was further centrifuged at
43,000 g for 1 h at 4 °C to generate the supernatant S2. Protein

concentrations were determined using the BCA method with bo-
vine serum albumin as a standard. 32 fractions were diluted to
roughly 1 po/ul total protein with PBS before beginning the im-
munoprecipitation. Mouse monoclonal anti-PLCR, antibody (Up-
state) (5 ng) was added to 1 mg of total protein from S2 fraction,
and the mixture was gently rocked at 4 °C overnight. The immu-
nocomplexes were captured by adding 100 wl (50 pl packed
beads) of washed Protein G agarose bead slurry (Amersham
Pharmacia). The reaction mixture was gently rocked at4 °Cfor2 h
and the agarose beads were collected by pulsing (5 s in the
microcentrifuge at 14,000:<g), and then draining off the superna-
tant. The beads were washed three times with ice-cold PBS and,
finally, the agarose beads were re-suspended in Laemmli buffer
(25 mM Tris base pH 6.5, 10% glycerol, 6% SDS and Bromophe-
nol Blue) and boiled for 5 min. The beads were collected using a
microcentrifuge pulse, and 10% SDS—polyacrylamide gels were
electrophoresed and then transferred to nitrocellulose mem-
branes. The blotted membranes were treated with PBS containing
3% skimmed milk for 20 min at room temperature with constant
agitation and then incubated with 5 pg/ml of anti-PLCB, (Santa
Cruz Biotechnology) at a dilution of 1:100, or with the monoclonal
mouse anti-PrP 3F4 antibody (Dako) used at a dilution of 1:500 in
PBS containing 3% bovine serum albumin with agitation at 4 °C
overnight. The protein bands were visualized using the ECL
method.

PrP immunoprecipitation

Samples (0.1 g) of the frontal cortex were homogenized in a glass
homogenizer in 1 ml of ice-cold lysis buffer (buffer 1) containing
PBS, 50 mM Tris—HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.2%
sarkosyl and 1 mM PMSF, and centrifuged at 12,000 g for 15 min
at 4 °C. One hundred microliters of the supernatant were pre-
cleared with 20 pl of protein G-Sepharose beads (Amersham
Pharmacia) and gently rocked for 1 h at 4 °C. The beads were
previously blocked by rocking for 2 h at 4 °C in a buffer containing
PBS with 10% glycerol. Protein concenfrations were determined
using the BCA method with bovine serum albumin as a standard.
The cleaned samples were then mixed with 5 pg of the mouse
anti-PrP antibody (Chemicon, Chandlers Ford, UK) and gently
rocked overnight at 4 °C. The immunocomplexes were captured
by adding 100 pl of washed blocked beads. The reaction mixture
was rocked for 2 h at4 °C and the beads were collected by pulsing
in the microcentrifuge at 13,000¢g. The supernatant was drained
off and the beads were washed twice for 10 min each in buffer

53



5- Resultados

828 A. Rodriguez et al. / Neuroscience 131 (2005) 825-832

containing 0.4% sarkosyl, and then with 50 mM Tris—HCI pH 7.5,
500 mM NaCl, 0.1% NP40 and 0.05% deoxycholate in PBS. After
a pulsing centrifugation, the beads were re-suspended in Laemmli
buffer containing 50 mM DTT and boiled for 5 min. The beads
were collected using a microcentrifuge pulse and then loaded in
SDS—polyacrylamide gels. Electrophoresed gels were transferred
to nitrocellulose membranes. Blotfed membranes were blocked in
buffer (25 mM Tris—=HCI, pH 7.3, 0.15 m NaCl, 0.1% Tween 20)
containing 5% skimmed milk for 1 h at r.t. with constant agitation
and then incubated with 1 ug/ml of mouse anti-PrP 3F4 antibody
(Dako) used at a dilution of 1:500 containing 2% skimmed milk or
with the polyclonal rabbit anti-PLCR, antibody (Santa Cruz Bio-
technology) with agitation at 4 °C overnight. Then, the membranes
were washed for 1 h and incubated with the anti-mouse IgG
(TrueBlot, San Diego, CA, USA) at a dilution of 1:1000 following
the instructions of the supplier. This mouse anti-lgG does not
detect the SDS-denatured forms of 1gG by DTT. The blotted
membranes were developed and visualized using the ECL
method.

Densitometry and statistical processing of data

Protein expression levels were determined by densitometry of the
bands using Total Laboratory v2.01 software. This software de-
tects the bands obtained by Western blot and gives individual
values which are dependent on the light quantification of the
corresponding band. Measurements are expressed as arbitrary
units. The results were normalized for B-actin. The numerical data
obtained from CJD and controls were compared and statistically
analyzed using STATGRAPHICS plus 5.0 software by ANOVA
and the LSD statistical tests. Asterisks indicate the following
P values (*) <0.05 (85% confidence level); (**) P<0.01 (99%
confidence level); and (***) P<0.001 (99.9% confidence level:
0.1% risk of calling each pair of means significantly different when
the actual difference equals 0).

RESULTS
Western blotting

Control of protein preservation with postmortem delay was
tested by freezing a cortical sample obtained at 3 h post-
mortem at time 0, and at 3 h, 6 h and 22 h. The same
amount of protein was loaded on each lane and Western
blots to mGIUR,, PLCR,, PLCy, cPKCa and nPKCb were
carried out in parallel for the several time-points. No differ-
ences in the expression levels of any of these proteins
were detected (data not shown). Since the tissue samples
in control and CJD cases were obtained between 3 and 8 h
after death, possible differences in protein expression lev-
els in the present study are likely not dependent on arti-
facts related with postmortem delay in tissue processing.

Waestern blots of frontal cortex homogenates showed
no significant differences between CJD and controls in the
expression levels of mGIuR,, although the expression lev-
els were variable from one case fo ancther in both control
and CJD cases. In contrast, PLCB, expression levels were
markedly reduced in CJD when compared with age-
matched controls (P<0.01). This was not restricted to
PLCB,, as PLCy was also significantly reduced in CJD
(P=0.001; Fig. 1).

No significant differences in the expression levels of
cPKCuo were seen between CJD and control cases, whereas
nPKC& was only slightly reduced in CJD when compared with
age-matched controls (P<<0.05; Fig. 1).

PLCj3, and AC1 solubility

Three controls and three CJD cases were used to analyze
protein solubility. PLCB, and AC1 were racovered in the
cytosolic-, deoxycholate- and SDS-soluble fractions. Both
PLCB, and AC1 were insoluble in urea. The patterns of
solubility were similar in control and CJD cases (Fig. 2).

PLCB, and PrP immunoprecipitation

Immunoprecipitation with the monodonal anti-PLCE1 antibody
(Upstate) resulted in PLCB1-immuncreactive bands, as
recognized with the rabbit polyclonal anti-PLCB, antibody
(Santa Cruz Biotechnology) in the appropriate lanes. No
immunoreactivity was observed in the lane corresponding
to beads and antibody without sample. Blotting with anti-
PrP antibody disclosed no apparent interactions between
PLCR, and PrP in control and CJD cases (Fig. 3A). Simi-
larly, no PrP and PLCB1 co-immunoprecipitation occurred
in PrP immunoprecipitated samples blotted for PLCR1
(Fig. 3B).

DISCUSSION

The present study has shown reduced expression levels of
PLCB, and nPKC3% in the frontal cortex of CJD when
compared with age-matched controls. This is accompa-
nied by normal levels of mGIUR, and cPKCa. Alzheimer's
disease (AD), tauopathies and a-synucleinopathies were
absent in the present series, and no other accompanying
neurological disease was observed on the neuropatholog-
ical examination. Therefore, it can be assumed that the
abnormalities observed here are concomitant to the prion
disease. These abnormalities are selective to certain pro-
teins, and probably not dependent on mere neuron loss, as
could be inferrad in case of generalized reduction levels of
all the proteins analyzed. It is worth noting that PLCv levels
are also reduced in the cerebral cortex in CJD, thus sug-
gesting that phospholipases are particularly vulnerable tar-
gets to CJD.

Studies in AD have demonstrated that G-protein-
associated signaling pathways are vulnerable to AD
(Yamamoto et al., 1996; Cowburn et al., 2001). The phos-
phoinositide hydrolysis pathway is altered in AD, as evi-
denced by impaired agonist and G-protein regulation of
PLCB,, decreased PLCP, levels, decreased PKC levels
and activity, and reduced numbers of receptor sites
(Wakabayashi et al., 1999; Bordi and Ugolini, 1999;
Garcia-Jimenez et al., 2003). Recent studies have also
demonstrated abnormal mGluR expression and signaling
in the cerebral cortex in diffuse Lewy body disease (DLBD)
or dementia with Lewy bodies (Dalfé et al., 2004). Inter-
estingly, glutamate binding and mGIuR, levels are in-
creased in the pure form of DLBD, which is not associated
with AD pathology, when compared with age-matched
controls, but not in the common form in which glutamate
binding and mGIuR, levels are lower than in controls
(Dalf6 et al., 2004). Glutamate binding and mGIuR, levels
are lower in DLBD common form than in controls (Dalf6 et
al., 2004).
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Fig. 1. mGIuR1, PLCB,, PLCy, cPKCa and nPKC3 expression levels in the frontal cortex in CJD and controls. A significant decrease (P<.0.001) in
PLCp, expression is found in the frontal cortex in CJD when compared with age-matched controls. PLCy was also significantly reduced in CJD
(P=0.01). No significant differences in the expression of cPKCa are observed. Yet a moderate reduction (P<0.05) in nPKC? levels is found in CJD
when compared with controls.

The reasons for these differences are unclear, but it is revealed with immunoprecipitation assays, are reduced in
exciting to note that PLCR, solubility is abnormal in DLBD, DLBD when compared with controls (Dalf6 et al., 2004). In
and that PLCR, interactions with abnormal a-synuclein, as contrast with DLBD, no differences in PLCp, solubility

PLCR, SOLUBILITY
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Contral CJD

- 200

re— L 82

PBS Dxc SDS  Urea PBS Dxec SDS Urea
Control CJD

Fig. 2. PLCp, solubility in PBS-, deoxycholate (Dxc)-, SDS- and urea-soluble fractions in two representative CJD and two representative control
cases. PLCB, is mainly recovered in the PBS-soluble fraction, and less in the Dxc- and SDS-soluble fractions in CJD and controls. No PLCP, is
recovered in the urea-soluble fraction. No differences in PLCB, solubility are observed between CJD cases and controls.
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CONTROL CJD
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Fig. 3. (A) PLCB, immunoprecipitation (Upstate antibody) immunoblotted with PLCB, (Santa Cruz antibody) shows unique bands at the comesponding
molecular weight (150 kDa) in total cortical homogenates ({CH) and immunoprecipiated (iP) lanes in control and CJD cases. The same membranes
immunoblofted for PrP (3F4 antibody) show specific bands only in tCH but not in the iP lanes. Therefore, no interactions between PLCR, and PrP are seen
in PLCB, immunoprecipitation assays in control and CJD cortical homogenates. Note lack of staining in the lanes containing beads and tCH without
immunoprecipitation antibody (B+tCH), and in the lanes containing beads and antibody without cortical homogenate (B+Ab). (B) PrP immunoprecipitation
(Chemicon antibody) imunoblotted with PrP (sF4 antibody) shows multiple bands in tCH and iP lanes in control and CJD cases. The same membranes
immunoblotted PLCB, (Santa Cruz antibody) show specific bands (150 kDa) only in tCH but not in the iP lanes. Therefore, no interactions between PrP and
PLCB, are seen in PrP immunoprecipitation assays in control and CJD cortical homagenates. Note lack of staining in the lanes containing beads and tCH
without immunoprecipitation anfibody (B+tCH), and in the lanes containing beads and antibody without cortical homogenate (B+Ab).
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have been observed between CJD cases and confrols.
Moreover, immunopracipitation assays have shown no ap-
parent interactions of PLCB, and PrP in CJD and controls.
Therefore, we can assume that mechanisms involved in
PLCB, abnormalities differ in DLBD and CJD.

Although no functional studies have been carried out
in this series, several implications may be inferred from
the present results. Decreased expression levels of
PLCB, may reduce cytoplasmic calcium (Ca?*) concen-
trations and DAG levels. cPKCa requires DAG and cal-
cium for activation, whereas nPKC? is sensitive only to
DAG (Nishizuka, 1992; Jaken, 1996; Mellor and Parker,
1998; Newton, 2001). Since DAG must be provided for
PKC? phosphorylation (Ogita et al., 1992), it is feasible
that the reduced levels of PKC% in CJD may be related
to decreased PLCR, expression levels and the concom-
itantly low DAG production rate.

Group | mGIluRs are implicated in the memory process
and long-term potentiation (Petersen et al., 2002; Ro-
drigues et al., 2002; Conn, 2003; Taccola et al., 2004).
Then reduced levels of PLCB, and nPKC® may deteriorate
group | mGIuR signaling and function. Finally, previous
investigations have suggested that reactive gliosis is as-
sociated with modifications in the activation of PLC (Floyd
et al., 2004). Therefore, altered signaling pathways here
observed may result in variegated deleterious conse-
quences, including abnormal long-term potentiation, im-
paired memory and learning, and the characteristic neuro-
pathological features of CJD.
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El cambio espongiforme es un rasgo caracteristico de las EETs, entre
las cuales se incluye a la ECJ y a la EEB. Estd caracterizado por la hinchazon
de los procesos neuronales y la vacuolizaciéon del neuropilo, llevando al
incremento del contenido intraneuronal de agua. El estudio que se presenta
examina, por electroforesis en gel y por WB, los niveles de expresion de los
canales de agua AQP1 y AQP4 en homogeneizados de corteza frontal (drea
8) de casos con ECJ esporddico (seis hombres, cuatro mujeres; siete casos
con M/M en el codon 129 del y con PrP tipo 1; dos casos V/V en el codén 129
y PrP tipo 2, y un caso M/V en el codén 129 y PrP tipo 1) comparado con
controles y casos con AD (estadio VI de Braak y Braak) y DLB. Los niveles
proteicos de AQP1 y AQP4 también han sido estudiados en la corteza
cerebral de raton transgénico para la PrP bovina infectado con EEB (BoPrP-
Tg110mice) examinado a 60, 150, 210 y 270 dias post-inoculacién (dpi)
comparado con controles sanos. La densitometria cuantitativa de las bandas
de AQP normalizada para B-actina se ha analizado con el programa
Statgraphics plus 5.0 con los tests estadisticos ANOVA y LSD. Se han
observado niveles de expresidn incrementados de AQP1 (revelado por dos
anticuerpos distintos) y de AQP4 en ECJ, pero no en estadios avanzados de
AD y DLB comparado con controles. Por inmunohistoquimica se ha observado
que la AQP1y la AQP4 se expresan en astrocitos en los casos afectados. No
se han observado modificaciones en la expresion de AQP1y AQP4 a 60, 150
y 210 dpi. Si se ha encontrado aumento significativo de expresion de AQP1
y AQP4 a 270 dpi, correspondiendo al tiempo en el que aparece PrP™ por
WB y se aprecian lesiones tipicas por espongiosis en el cerebro. Estos
resultados muestran, conjuntamente, un incremento de la expresién de
canales de agua en el cerebro en enfermedades pridnicas humanas y
animales. Estas modificaciones pueden tener implicaciones en la regulacién
del fransporte de agua en los astrocitos y puede traducirse en un
desequilibrio de la homedstasis celular en estas enfermedades.
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Abstract Spongiform change is a cardinal feature in
transmissible spongiform encephalopathies, including
Creutzfeldt-Jakob disease (CJD) and bovine spongi-
form encephalopathy (BSE). It is characterized by
swelling of the neuronal processes and vacuolization of
the neuropil, leading to increased intraneuronal water
content. The present study examines, by gel electro-
phoresis and Western blotting, the expression levels of
the water channels aquaporin 1 (AQP1) and aquaporin
4 (AQP4) in the frontal cortex (area 8) homogenates of
sporadic CJD cases (six men, four women; seven cases
with methionine/methionine at codon 129 and PrP type
I; two cases with valine/valine at codon 129 and PrP
type 2, and one case methionine/valine at codon 129
and PrP type 1) compared with age-matched controls,
and cases with Alzheimer’s disease (AD, stage VI of
Braak and Braak) and diffuse Lewy body disease
(DLB). AQPI and AQP4 protein levels were also
studied in the cerebral cortex of BSE-infected bovine-
PrP transgenic mice (BoPrP-Tgl10 mice) examined at
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60, 150, 210 and 270 days post-inoculation (dpi) com-
pared with healthy brain-inoculated control mice.
Quantitative densitometry of AQP bands normalized
for p-actin was analyzed using Statgraphics plus 5.0
software from ANOVA and LSD statistical tests. Sig-
nificant increased expression levels of AQPL (as
revealed with two different antibodies) and AQP4
were seen in CID, but not in advanced AD and DLB
cases when compared with controls. Immunohisto-
chemistry revealed that AQP1 and AQP4 were
expressed in astrocytes in diseased cases. No modifica-
tions in the expression levels of AQP1 and AQP4 were
observed in BSE-infected bovine-PrP transgenic mice
at 60, 150 and 210 dpi. However, a significant increase
in the expression levels of AQP1 and AQP4 was found
in mice at 270 dpi. the time corresponding with the
appearance of PrP™ immunoreactivity in Western
blots and typical spongiform lesions in the brain.
Together, these findings show increased expression of
water channels in the brain in human and animal prion
diseases. These modifications may have implications in
the regulation of water transport in astrocytes and may
account for an imbalance in water and ion homeostasis
in prion diseases.

Keywords Creutzfeld-Jakob disease - Bovine
spongiform encephalopathy - Prion diseases -
Transmissible spongiform encephalopathies -
Aquaporin - Water channels - PrP

Introduction

Prion diseases, also called transmissible spongiform
encephalopathies (TSEs), include scrapie and bovine
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Table 1 Main clinical characteristics of CID, AD (stage VI of Braak and Braak), DLB and control cases in the present series

Case Age Gender Codon 129 14-3-3 EEG First symptom Survival PrP
number CSF (months) type
CID1 60 M MM + + Dementia 3 1
CID2 60 F MM + + Dementia 6 1
CID3 55 M MM + + Ataxia 3 1
CID4 74 M MV + + Dementia 5 1
CIDS5 66 M \AY + Rare Ataxia 4 2
CJID6 53 F MM + + Dementia 2 1
CID7 85 F MV + + Dementia 14 1
CID8 71 M \AY + 0 Ataxia 3 2
CIDY 70 F MM + + Dementia 3 1
CID10 59 M MM ? + Dementia 8 1
AD1 75 M

AD2 69 M

AD3 86 F

AD4 69 M

ADS 78 F

DLBI 71 M

DLB2 78 M

DLB3 78 M

DLB4 72 F

DLBS 77 M

Controll 62 M

Control2 72 F

Control3 73 M

Controld 58 F

F female, M male, EEG typical generalized triphasic pseudoperiodic complexes. 14-3-3 indicates the presence (+) or absence of this
protein in cerebrospinal fluid (CSF). M methionine, V valine, PrP type PrP™ type 1: lower band of glycosylated PrP™ of 21 kDa; type

2: lower band of glycosylated PrP™ of 19 kDa

spongiform encephalopathy (BSE) in animals, and
Creutzfeldt-Jakob disease (CID), fatal familial insom-
nia (FFI), kuru and Gerstmann-Striussler-Scheinker
disease in humans [2, 3, 22, 23, 44]. According to the
“protein-only™ hypothesis, TSEs are caused by the
conversion of PrP® into an abnormal p-sheet-enriched
and partially proteinase K-resistant isoform, PrP™ |2,
16, 44]. PrP™ is able to recruit PrP%, resulting in an
autocatalytic propagation in the pathogenic conforma-
tion [2. 11, 16, 44].

Transmissible spongiform encephalopathies are
characterized by neuronal loss, astrocytic gliosis,
microgliosis, abnormal PrP™ production and accumu-
lation, and spongiform change [13, 17, 27, 31]. The
spongiform change, a cardinal lesion in most prion dis-
cases, consists of the formation of rounded vacuoles
within the neuropil containing, in some cases, second-
ary chambers. Vacuoles are swollen neuronal and
astrocytic cell processes with disrupted membranes,
often in contact with synaptic structures. When many
of them become confluent, this results in large vacuoles
distorting the cortical cytoarchitecture [29, 32, 34, 37].
Several mechanisms are probably implicated in the
degeneration of neurons in prion diseases [24], but little
is known about the mechanisms which participate in
the vacuolization of the neuropil. However, spongiform

&) Springer

change is likely the result of abnormal membrane
homeostasis and increased water content within swol-
len cell processes. Furthermore, it is known that fluid-
attenuated inversion recovery (FLAIR) imaging is a
very helpful method in CJD and related conditions, as
it reveals increased water content in selected brain
areas [15, 38, 55, 56] Therefore, exploration of mecha-
nisms regulating water homeostasis seems to be a
promising step toward increased understanding of the
pathogenesis of TSEs.

Aquaporins (AQPs) facilitate water flux through the
plasma membrane in several cell types and play an
important role in the maintenance of homeostasis [3, 19,
25, 30, 59, 60]. AQP water channels have an hourglass
form, the narrowest segment of which permits the pas-
sage of water but not of protons and other cations under
the control of size restriction and electrostatic repulsion
[1]. AQPs are expressed differentially in tissues. Aqu-
aporin 1 (AQP1), aquaporin 4 (AQP4) and AQPY are
AQPs present in brain. AQP1 is mainly expressed in the
apical membranes of the choroid plexus, but it can be
expressed by astrocytes in pathological conditions;
AQP4 is particularly abundant in astrocytic end-feet
bordering the endothelium and the pial surface; and
AQPY is mainly expressed in the cytoplasm of astro-
cytes and ependymal cells [3, 8, 21, 39-41].
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Fig. 1 a Western blots to
AQP1 (Chemicon) of the
frontal cortex in four controls
and ten CJD cases show an
lower band of 28 kDa and an
upper (glycosylated) band of
about 36 kDa. AQP1 expres-
ston is increased in every case
of CJD when compared with
age-matched controls, The
densitometry of the bands
normalized for f-actin

(45 kDa) shows a significant
increase of AQP1 expression
in CJD cases when compared
with controls. ##P < (.01.
Numbers in the graph corre-
spond to arbitrary units. b
Western blots to AQP1 (Ab-
cam) of the frontal cortex in
four controls and ten CJD cas-
es show an lower band of

28 kDa and an upper (glycosy-
lated) band of about 36 kDa.
AQP1 expression is increased
in every case of CID when
compared with age-matched
controls. The densitometry of
the bands normalized for f-
actin (45 kDa) shows a signifi-
cant increase of AQP1 expres-
sion in CJD cases when
compared with controls.

#*P < 0.05. Numbers in the
graph correspond to arbitrary
units

Fig. 2 Western blots of the
frontal cortex in four controls
and ten CJD cases show a
band of 38 kDa. AQP4
expression levels are in-
creased in every case of CJD
when compared with age-
matched controls. The densi-
tometry of the bands normal-
ized for B-actin (45 kDa)
shows a significant increase of
AQP4 expression in CJD cas-
es when compared with con-
trols. **P < 0.01. Numbers in
the graph correspond to arbi-
trary units

Previous studies based on DNA micro-array tech-
nology have shown up-regulation of AQP4 in CID and
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scrapie [45, 46, 62, 63]. Yet, These findings have not  models.

been validated by other methods, and there is no
description of AQPs in natural BSE and BSE murine
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Fig. 3 AQPI (a) and AQP4
(b) immunohistochemistry in
Creutzfeldt-Jakob disease re-
veals AQPI and AQP4 immu-
noreactivity in the cytoplasm
and processes of astrocytes,
Paratfin sections, slightly
counterstained with haemat-
oxylin. Bar =25 pm

Based on these observations, the present study
examines the expression levels of AQPI and AQP4 by
Western blotting in the frontal cortex in neuropatho-
logically verified sporadic CJD cases obtained at short
post-mortem delays compared with age-matched con-
trols and with samples of Alzheimer’s disease (AD)
and Dementia with Lewy bodies (DLB). AQP9 was
not examined because available antibodies were not
suitable for Western blot studies. To go further into the
understanding of AQPs during disease progression,
AQPI and AQP4 expressions were also examined in
the brain of BSE-infected bovine-PrP transgenic mice
(BoPrP-Tgl10 mice) [14]. These mice can be infected
with BSE without species barrier and they exhibit char-
acteristics of the bovine disease, including positive
PrP™* immunostaining and spongiform degeneration at
about 240 days post-inoculation (dpi).

Materials and methods
Human cases

The brains of ten patients with sporadic CJD., four age-
matched controls, five cases with AD and five cases
with DLB were obtained from 3 to 8 h after death and
were immediately prepared for morphological and bio-
chemical studies. Criteria for the neuropathological,
molecular and phenotypic diagnosis of CID used in the
present series were those accepted and detailed else-
where [13, 43]. Criteria for clinical, pathological diag-
nosis and staging of AD and DLB cases used here are
currently accepted [9, 10, 18, 26]. Cases of AD were
categorized as stages VI of Braak and Braak [9]. Cases
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of DLB were categorized, on the basis of alpha-synuc-
lein pathology, as stage 6 of Braak et al. [10]. The main
clinical characteristics are summarized in Table 1. For
biochemical studies, samples of the frontal cortex (area
8) were frozen in liquid nitrogen and stored at — 80°C
until use. Control cases had not suffered from neuro-
logical or metabolic diseases and the neuropathological
examination revealed no abnormalities.

In addition, samples of the frontal cortex from one
control individual were obtained at 3 h post-mortem
and immediately frozen (time 0), or stored at 4°C for 3,
6 or 22 h, and then frozen to mimic variable post-mor-
tem delay in tissue processing and its effect on protein
preservation.

BSE infection in BoPrP-Tgl10 mice

The generation and characteristics of these transgenic
mice, as well as the susceptibility and timing of the
incubation following BSE inoculation, and the behav-
ioral and neuropathological findings of infected mice,
have been described in detail elsewhere [14]. Briefly,
BoPrP-Tgl10 mice express bovine PrP insert intro-
duced in a mouse PrP™ background. which confers
susceptibility to BSE infection. For BSE infection,
BoPrP-Tgl10 mice (females, 6-7 weeks old, weighing
approximately 20 g) were inoculated in the right parie-
tal lobe using a 25gauge disposable hypodermic
syringe with 20 pl of 10% brain homogenate. TSE/08/
59 inoculum, produced with a pool from the brainstem
of 49 BSE infected cattle and supplied by the Veteri-
nary Laboratory Agency (New Haw, Addlestone, Sur-
rey, UK) was used. As negative controls, we have used
the same BoPrP-Tgll0 mice but inoculated with
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Fig. 4 AQPL (a-c) and AQP3 (d-[} immunohistochemistny in
cryvostat sections processed free-floating in control (a, d) and CIT
(b, ¢ e, T} AQPL immunereactivity is observed inthe end-fect as-
trocytes surrounding blood vessels in control broins, Yet AQPL

healthy cow brain. To minimize the risk of bacterial
infection, homogenates were heated at %0°C for 10 min
before inoculation. To evaluate the clinical signs
appuearing aller inoculation, mice were observed daily
and their neurclogical status was assessed Iwice a
week. The presence ol three signs of nearological dys-
function (using ten dilferent items) [30, 31] was neces-
sary for a mouse o score positive for prion disease.
Animals were sacrificed at 60, 150, 210 and 270 dpi.
The brains were rapidly removed [rom the skuoll and
immediately prepared for neuropathological and bio-
chemical studies.

Histopathology and immunohistochemistry in mice

Brains were prepared as previously described [I4]. Tis-
sue sections containing medulla oblongata at the level

immunaoresctivity 15 found in the evioplsm and processes of os-
trocvies in CID. AQPY immunostaining occurs in the evtoplasm
of astrocytes in control brains, but increased immunorcactivity is
observed in CID, Bor =25 pm

of the obex and the pontine area, cerebellum, dien-
cephalon including thalamus, hippocampus, and cere-
bral cortex were processed for routine histological
melhods and immunchistochemistry. The avidin-bio-
tine-peroxidase complex (ABC) method was used for
the immunohistochemical deteetion of Pri™, as previ-
ously described [40]. Briefly, tissue sections were incu-
bated at 4°C overnight with the primary 2A11 mAb
diluted 1400 in phosphate buffer saline (PBS). This
was [ollowed by incubation with a sceondary anti-
mouse 1gG (Dako, Madrid) diluted 1:2000in PBS, The
immunerenclion  was  visualized  with 3.3 <diam-
inobenidine tetrahydrochloride (Sigma, Madrid) and
0.01% hydrogen peroxide. Finally, the sections were
slightly counterstained with Mayer's haematoxylin,
dehyvdrated and mounted on glass slides. Speatic primary
antibody was replaced by PBS or by non-immune

2] Springer

65



5- Resultados

ActaNeuropathol
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DLB
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AD
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Fig. 5 No differences in the expression levels of AQP1 and
AQP4 are seen in the frontal cortex of Alzheimer’s disease (AD),
Dementia with Lewy bodies (DLB) and control (C) cases

mouse serum in some tissue sections used as negative
controls.

Gel electrophoresis and Western blot

For Western blot studies, about 0.1 g of frontal cor-
tex in human cases or one cerebral hemisphere in
mice was homogenized in a glass tissue grinder in 10
volumes (w/v) of cold buffer containing PBS. 0.5%,
NP-40, 0.5% deoxycholic acid sodium salt, 0.1 mM
phenylmethylsufonyl fluoride, 10 pg/ml aprotinin,
10 pg/ml leupeptin, 10 pg/ml pepstatin and 1 mM
sodium orthovanadate, pH 7.5 to inhibit endoge-
neous phosphatases. Some samples were deglycosy-
lated with N-Glycosidase F*# recombinant (Roche,
Barcelona) (12 U added to 20 pg) following incuba-
tion overnight at 37°C. After centrifugation at
3,500 x g for 5 min, protein concentration of total
homogenate was determined with the BCA Protein
Assay Kit (Pierce. Barcelona). Thirty micrograms of
protein was mixed with loading buffer containing
0.125 M Tris (pH 6.8), 20% glycerol, 10% B-mercap-
toethanol, 4% SDS and 0.002% bromophenol blue,
and heated at 35°C for 5 min [35]. Sodium dodecyl-
sulphate-polyacrylamide gel electrophoresis (10%
SDS-PAGE) was carried out using a mini-protean
system (Bio-Rad, Madrid) with molecular weight
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standards (Bio-Rad). Proteins were then transferred
to nitrocellulose membranes using an electrophoretic
transfer system (Semi-dry, Bio-Rad). The mem-
branes were washed with TTBS containing 10 mM
Tris-HCI pH 7.4. 140 mM NaCl and 0.1% Tween-20.
Nonspecific blocking was performed by incubating
the membranes in TTBS containing 5% skimmed
milk for 20 min. Membranes were incubated with the
primary antibodies at 4°C overnight. The rabbit poly-
clonal antibody anti-AQP1 (Chemicon, Barcelona)
was used at a dilution of 1:1,000 in the TBST-5%
skimmed milk. The rabbit polyclonal anti-AQPI
(Abcam, Cambridge) was used at a dilution of 1:500.
The mouse monoclonal anti-AQP4 (Abcam) was
used at a dilution of 1:500. After rinsing, the mem-
branes were incubated with the corresponding anti-
rabbit or anti-mouse secondary antibodies (Dako) at
a dilution of 1:1,000 for 1 h at room temperature. The
membranes were then washed and developed with
the chemiluminescence ECL system (Amersham,
Barcelona) followed by exposure of the membranes
to autoradiographic films at 4°C. The monoclonal
anti-f-actin antibody (Sigma) was used at a dilution
of 1:5,000 as a control for protein loading,

Details of the AQP antibodies used are as fol-
lows. The anti-AQP1 (Abcam) antibody is raised
against a 19 amino acid synthetic peptide within the
carboxy terminal domain of rat AQPI that is 100%
homologous in rat, mouse, human and bovine. The
anti-AQP1 (chemicon) is raised against a 19 amino
acid synthetic peptide from the cytosolic carboxy
terminal domain of rat AQP1. This peptide contains
most of the epitopes recognized by polyclonal anti-
bodies against the whole protein. The anti-AQP4
(Abcam) antibody is raised against a synthetic pep-
tide corresponding to amino acids 301-318 of rat
AQP4. This antibody recognizes an epitope within
the cvtoplasmic domain of the water-specific chan-
nel AQP4.

For PrP™ detection in mice, 100 ul of 10% brain
homogenates (10% wt/vol) were pre-cleared by cen-
trifugation at 2,000 x g for Smin in 5% sarcosyl.
Samples were treated with 20 pg/ml of proteinase K
(Roche) at 37°C for 60 min, and insoluble fractions
were obtained by centrifugation at 25,000 x g for
30 min. SDS sample loading buffer was added to all
samples and each one was boiled for 10 min before
loading on an SDS/12% polyacrylamide gel. For
immunoblotting, ascites preparation of 2A11 mAb
[12] was used as 1:2,000 dilution. Immunocomplexes
were detected with horseradish-peroxidase conju-
gated anti-mouse IgG (Sigma). and developed as
described above.
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Fig. 6 Comparison of AQP4 immunoreactivity (a—d) and GFAP
immunoreactivity (e-h) in the frontal cortex in control (a, e), CTD
(b, f), AD (c, g) and DLB (d, h) in cryostat sections processed

Control BSE

1 23 4 12 3 4

— 36kDa
8-
— 28kDa

Fig. 7 Western blot analysis of PrP** from brain homogenates in
control and diseased mice at 270 days post inoculation (dpi).
Monoclonal antibody 2A11 was used at a 1:2,000 dilution

270 dpi

Densitometry and statistical processing of data

Protein expression levels were determined by densi-
tometry of the bands using Total Laboratory v2.01
software. This software detects the bands obtained by
Western blot and gives individual values which are
dependent on the light quantification of the corre-
sponding band. Measurements are expressed as arbi-
trary units. The results were normalized for P-actin.
The numerical data obtained from CID and the corre-
sponding controls were statistically analyzed using
STATGRAPHICS plus 5.0 software from ANOVA

free-floating. Marked increase in AQP4 immunoreactivity is asso-
ciated with strong GFAP immunostaining in CJD astrocytes.
Bar =25 pm

and the LSD statistical tests. Asterisks indicate the fol-
lowing P values: *P<0.05 (95% confidence level);
##P <001 (99% confidence level); and *##P < 0,001
(99.9% confidence level).

Aquaporin immunchistochemistry

Aquaporin immunohistochemistry was carried out
only in human cases. No further material was available
for immunohistochemistry from BoPrP-Tgl10 BSE-
infected mice.

Paraffin sections, 4 m thick, were processed with the
EnVision + system  peroxidase (DAB) procedure
(Dako). The rabbit polyclonal antibody anti-AQP1
(Abcam) was used at a dilution of 1:500. The monoclo-
nal anti-AQP4 (Abcam) was used at a dilution of 1:250.
The rabbit polyclonal anti-GFAP antibody (Dako) was
used at a dilution of 1:500. The sections were incubated
with LSAB for 1 h at room temperature. The peroxi-
dase reaction was visualized with 0.05% diaminobenzi-
dine and 0.01% hydrogen peroxide (brown precipitate).
Some sections were incubated without the primary anti-
body. No immunoreactivity was found in these samples.
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Table 2 Main characteristics of BSE-infected transgenic mice

60 dpi Controls BSE

1 2

()
F=N

1 2

e
.

WB - - - - - - - -
[HC - — - - — - - -
HP - - - - - - - -
cs - - - - - - - -

150 dpi Controls BSE

1 2 3 1

WB - - - - - -
[HC - - - - - -
HP - - - - - -

210 dpi Controls BSE

1 2 3 1 2 3

WB - - - - - -
THC - - - - R
HP - - - - -
cs - - - - - -

270 dpi Controls BSE

1 2 3 4 1

(o)
LFS]
4=

WB - - - -
[HC - — - -
HP - - - -
cs - - - -

+ + + +
+ + + +
+ + + +
+ o o+

dpi days post-inoculation

Brain samples were analyzed by Western blot after proteinase-K
treatment for PrPres detection (WB), by histopathology (HP) or
by immunohistochemistry (IHC). Diseased mice were scored by
clinical signs (CS) before euthanasia. HP changes are character-
ized by spongiform change and mild astrocytic gliosis. IHC indi-
cates positive PrPres immunoreactivity

¥ Positive only around inoculation point

In addition, cryostat sections 7 um thick were pro-
cessed free-floating with the LSAB method. The rab-
bit polyclonal antibody anti-AQP1 (Abcam) was used
at a dilution of 1:500. The monoclonal anti-AQP4
(Abcam) was used at a dilution of 1:250. Other sec-
tions were incubated with rabbit polyclonal anti-glial
fibrillary acidic protein (GFAP) antibodies (Dako)
used at a dilution of 1:250. The peroxidase reaction
was visualized with NHyNiSO, (0.05 M) in phosphate
buffer (0.1 M), 0.05% diaminobenzidine, NH,CI and
0.01% hydrogen peroxide (dark blue precipitate).
Some sections were incubated without the primary
antibody. No immunoreactivity was found in these
samples.
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Results
General neuropathological findings in CID

Neuron loss, spongiform change, astrocytic gliosis and
microgliosis involving the cerebral neocortex, striatum
and cerebellum, occurred in every case. Synaptic-like
PrP' deposits were found in the cerebral cortex and
striatum in every case. In addition, PrP™ plaques were
common in the two VV2 cases (cases 5 and 8; Table 1).
Details of neuropathology and Prp™ immunohisto-
chemistry in these cases can be found elsewhere [20].

General findings of AQP1 antibodies and samples

The anti-AQP1 antibodies recognized a band of
28 kDa in control and diseased cases as well as a band
of about 36 kDa. Similar observations were found with
the anti-AQP1 (Chemicon) and anti-AQP1 (Abcam)
antibodies. The upper band was abolished following
de-glycosylation at 35°C. Both bands disappeared
when the sample was heated at 95°C (data not shown).

Control of protein preservation with postmortem
delay was tested by freezing cortical samples obtained
at 3 h postmortem (time 0), and at 3. 6 and 22 h. The
same amount of protein (30 pg) was loaded on each
lane and Western blots of AQP1 and AQP4 were car-
ried out in parallel. No differences in the expression
levels of any of these proteins were detected (data not
shown). Since the tissue samples in control and CID
cases were obtained between 3 and 8h after death,
possible differences in protein expression levels in the
present study are not likely to be dependent on
artifacts related with postmortem delay in tissue
processing.

AQP1 expression in CID

Increased expression in AQP1 was seen in CJD when
compared with age-matched controls. The densitome-
try of the bands normalized for p-actin showed a sig-
nificant increase in the expression levels of AQP1 in
CJD cases when compared with controls. Similar find-
ings were observed with two different anti-AQP1 anti-
bodies (Fig. la, b).

AQP4 expression in CID

Western blots to AQP4 of frontal cortex in control
and diseased cases revealed a single band of 38 kDa
corresponding to the molecular weight of AQP4.
Increased expression in AQP4 was seen in CJD when
compared with age-matched controls. The densitometry
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Fig. 8 a The densitometry of A
the bands to AQP1 (Chem- Controls

60 dpi 150 dpi 210 dpi 270 dpi

icon) shows a significant in-
crease in the expression levels

Aguaporin 1— | & -5 e N - ) = S aFEr - - S oo o @ --. - k0a
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of the bands normalized for f-actin showed a signifi-
cant increase in the expression levels of AQP4 in CID
cases when compared with controls (P<0.01)
(Fig. 2).

AQP1 and AQP4 immunohistochemistry in CJD

In paraffin sections, AQP4 immunoreactivity was
found in the end-feet of astrocytes surrounding blood
vessels and in the pial surface in control cases. No
AQPI immunoreactivity was found in the cerebral cor-
tex in control brains (not shown). Differences between
these results and basal expression levels of AQP1 in
control brains as revealed with Western blot are proba-
bly due to the lower sensitivity of immunohistochemis-
try in paraflin sections (or loss of antigenicity due to
partial AQP destruction during tissue processing)
when compared with western blots of fresh samples
from brain homogenates. However, AQP1 immunore-
activity was found in the cytoplasm of astrocytes in

dkk
O Controls
mBSE
1,50
1,00 1
0,50 1 ’_Y_'

60 dpi

150dpi  210dpi 270 dpi

CID. Similarly, strong AQP4 immunoreactivity was
observed in the cytoplasm of astrocytes in cases with
CID (Fig. 3).

Cryostat sections processed free-floating showed
AQPI immunoreactivity in the end-feet of astrocytes
surrounding blood vessels in control brains. AQPI
immunoreactivity extended to the cytoplasm and cell
processes of astrocytes in CJD cases (Fig. 4a—). AQP4
immunoreactivity was also better visualized in cryostat
sections processed free-floating. AQP4 immunoreac-
tivity decorated the cytoplasm and cell processes of
protoplasmic astrocytes and fibrillar astrocytes in con-
trols. Increased immunoreactivity was found in astro-
cytes in the cerebral cortex and white matter in CID
(Fig. 4d-1).

AQP1 and AQP4 expression in AD and DLB

No differences were seen in the expression levels of
AQP1 and AQP4 in the frontal cortex of AD, DLB

@ Springer
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Fig. 9 Western blots to
AQP4 (Abcam) of brain ho-

Controls

60 dpi 150 dpi 210dpi 270 dpi

mogenates in control and dis-
eased mice normalized for -
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crease in the expression levels
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and control cases. Similar findings were observed with
the two anti-AQP1 antibodies (Fig. 5).

Comparative AQP4 and GFAP immunohistochemistry
in control, CID, AD and DLB

AQP4 immunoreactivity in CIJD cases was higher
than AQP4 immunoreactivity in controls, and in AD
and DLB cases (Fig. 6a—d). Similar sections stained
with anti-GFAP disclosed positive astrocytes in con-
trol and diseased cases. However, the number and
size, and the amount of GFAP per cell were more
pronounced in CJD than in other disease states
(Fig. 6e-h).

General aspects of BSE-infected Bo-PrP transgenic
mice

At 270 dpi, PrP™ was detected in all BSE-infected
mice by both immunohistochemistry and Western
blotting (Fig. 7 and Table 2). These animals also
scored positively for the presence of clinical signs:
hunched position, and rough coat were the promi-
nent signs; neuropathological changes: mainly vacu-
olization of the neuropil mostly in the brain stem,
hippocampus and cerebellar white matter. PrpP™
deposition was most common in fine granular and
punctuate neuropil and stellate foci, but also granu-
lar staining in neuron cytoplasms and around the
neurons (occasionally as plaque-like deposits) was
observed, resembling those patterns reported for
classical BSE in cattle [14]. At 210 dpi, only one out
of three animals was scored as positive by immuno-
histochemistry and histopathology, but it was nega-
tive for clinical scores and PrP™ detection by
Western blot (Table 2). No positive animals were
detected at 60 and 150 dpi. As expected, all control
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animals were scored negative for all analysis
(Table 2).

AQP1 expression in BSE-infected Bo-PrP transgenic
mice

Western blots to AQP1 of brain homogenates in con-
trol and diseased mice revealed two bands of 28 and
36 kDa. No significant differences between BSE-
infected mice and controls were seen at 60, 150 and
210 dpi. However, increased expression of AQP1 was
seen at 270 dpi when compared with the corresponding
controls. The densitometry of the bands normalized for
B-actin (45 kDa) showed a slight variable significant
increase in the expression levels of AQP1 at this time
point (Fig. 8a, b).

AQP4 expression in BSE-infected Bo-PrP transgenic
mice

Western blots to AQP4 of brain homogenates in con-
trol and BSE-infected mice revealed a single band of
38kDa. No differences in the expression levels of
AQP4 were observed at 60, 150 and 210 post-inocula-
tion. However, a significant increase in the expression
levels of AQP4 was seen at 270 dpi when compared
with corresponding controls (Fig 9).

Discussion

The present study shows increased AQP1 and AQP4
expression levels in the frontal cortex of patients with
CJID when compared with age-matched controls. Yet
no modifications in the expression levels of AQP1 and
AQP4 have been observed in advanced stages of AD
and DLB, thus suggesting that these changes are not
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the mere result of non-specific aspects in advanced
stages of diseases with dementia and degeneration of
the cerebral cortex. Moreover, increased AQP1 and
AQP4 levels have also been found in the cerebral cor-
tex of BSE-infected BoPrP-Tgl10 mice at 270 dpi, thus
demonstrating abnormal expression of water channels
in these mice with disease progression. These findings
validate previous observations showing AQP4 up-reg-
ulation in CJD and natural scrapie, by using DNA
micro-array technology [45, 46, 62, 63], and demon-
strate that up-regulation translates to increased protein
expression not restricted to AQP4 but also involving
other genes of the AQP family, including AQPI. In
addition to CID and scrapie, the present findings show
increased expression of AQP1 and AQP4 in advanced
stages of murine BSE.

Previous studies have shown that AQPs are regu-
lated in brain edema following traumatic injury [28,
53], cerebral ischemia |7, 47, 54, 64] and hyponatremia
[58], as well as in brain tumors [42, 47, 48]. Interest-
ingly, redistribution of AQP-4 differs in low- and high-
grade human brain tumors [61]. The expression of
AQP4 mRNA is decreased in the core of infarction fol-
lowing cerebral ischemia [49], whereas it is increased in
the peri-infarcted area maximally on day 3 after focal
cerebral ischemia in the rat, and in parallel to the gen-
eration of brain edema monitored by MRI [54]. Similar
findings have been reported in the human brain: AQP4
immunoreactivity is decreased in the core, but
increased in astrocytes at the periphery of the infarc-
tion [6]- Global ischemia is also accompanied by AQP4
up-regulation [64]. Finally, AQP4 is increased in high-
grade gliomas and in reactive astrocytes surrounding
malignant tumors [47]. Regarding AQP1, AQPI is
expressed in neoplastic astrocytes, and in reactive
astrocytes in metastatic carcinomas [46]. AQP1 expres-
sion is also increased in glioblastomas [42]. Modifica-
tions in the expression levels of AQP may have
functional implications. Thus, the use of genetically
manipulated mice has been extremely helpful in
increasing our understanding of brain AQPs. AQP4
deletion in mice reduces edema formation after water
intoxication and after focal cerebral ischemia, thus
indicating that AQP4 participates in the development
of osmotic and cytotoxic edema [4, 5, 35, 36, 52, 57].
Recent studies have also shown enhanced expression
of AQP4 in human brain with inflammatory diseases
[6]. Moreover, AQP4 is increased in the sclerotic hip-
pocampus in human temporal lobe epilepsy [33]. These
findings suggest more subtle roles of AQPs in disease.
More particularly, abnormal expression of AQP4 has
been suggested to [acilitate seizures in sclerotic hippo-
campus [33].

AQP1 and AQP4 are expressed in astrocytes in CJD
thus indicating that up-regulation of AQPs occurs in
astrocytes whereas no apparent AQP expression
occurs in neurons. This is an interesting observation, as
spongiform changes in prion diseases are related with
swollen neuronal and astrocytic processes. The rela-
tionship between abnormal PrP deposition, spongi-
form degeneration and possible AQP up-regulation in
astrocytes is still obscure, albeit that the study of the
BSE murine model indicates that the three abnormali-
ties are closely related in time with disease progression.
Moreover, AOP1 is not normally expressed in astro-
cvtes but the expression of AQPL in these cells is
related with pathology.

Whether increased levels of AQP1 and AQP4 in
CID result from increased number of astrocytes might
be a matter of discussion. Yet increased AQPI and
AQP4 correlates with increased expression of GFAP
rather than with the number of astrocytes in CJD when
compared with other disease states. Therefore,
increased expression of AQPs in prion diseases seems
to be an additional equipment of certain reactive astro-
cvtes to cope with water homeostasis. It is clear that
AQPs are probably not the contributory agent of the
spongiform change. but rather a response of astrocytes
to abnormal water fluxes in human and animal prion
diseases. Additional studies in BSE-infected mice with
AQP4 deletion would be necessary to understand
whether increased levels of AQPs are involved in the
pathogenesis of the disease.
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5.3- Adenosine A; receptor expression and activity is increased in the
cerebral cortex in Creutzfeldt-Jakob disease and in bovine spongiform
encephalopathy-infected bovine-PrP mice (2006)

Agustin Rodriguez, Mairena Martin, Jose Luis Albasanz, Marta Barrachina, Juan Maria
Torres, Juan Carlos Espinosa, Isidro Ferrer

J. Neuropathol. Exp. Neurol. 2006 Oct; 65 (10): 964-75

Las enfermedades por prion estan caracterizadas por pérdida
neuronal, gliosis astrocitica, cambio espongiforme y deposicién PrP™° La
ECJ es la enfermedad pridnica humana mds prevalente, mientras que el
Scrapie y la EEB son las enfermedades por prién animales mds comunes. Se
han propuesto varios candidatos como mediadores de la degeneracién en las
enfemedades por prion, uno de ellos el glutamato. Estudios recientes han
mostrado una disminucién de receptores de glutamato asi como de la via de
sefializacién de la PLC en la corteza cerebral en ECJ, sugiriendo que esta
importante via neuromoduladora y neuroprotectora estd atenuada en ECJ.
La adenosina estd involucrada en la regulacién de distintos procesos
metabdlicos bajo condiciones fisioldgicas y patoldgicas. La funcién de la
adenosina esta mediada por los ARs, que estdn divididos en cuatro tipos: Aj,
Az2a, A2z Y As. Los AiRs son receptores acoplados a proteina-G que inducen
la inhibicion de la actividad AC. La accidn inhibidora mds dramdtica de los
ARs se produce en el sistema glutamatérgico. Por esos motivos, en este
trabajo hemos examinado los niveles de los AiRs en la corteza frontal de 12
pacientes con ECJ y 6 controles y en ratones transgénicos para la PrP
bovina infectados con EEB (BoPrP-Tgll0 mice) a diferentes tiempos de
incubacién para estudiar las modificaciones en los AiRs con la progresion de
la enfermedad. Se han encontrado niveles de proteina incrementados de
ARs en la corteza frontal en ECJ y en estadios avanzados de la
enfermedad en el modelo murino de EEB coincidentes con la aparicion de
expresién de PrP™. Ademds, se ha analizado la actividad de los AiRs por
ensayos /n vitro con membranas celulares de corteza frontal en ECJ. Se ha
observado un aumento de la actividad del receptor en ECJ comparado con
controles, considerando la disminucion de la produccién de cAMP, inducido
por estimulacién con forskolina en respuesta a los agonistas del receptor
AR (CHA y CPA). Finalmente, los niveles de mRNA del AR son similares en
los casos ECJ y controles, lo cual sugiere un reciclado de AiR anormal o una
deregulacién de las vias de sefializacién asociadas a los raft en ECJ. Estos
resultados muestran, en primera instancia, una sensibilizacion de los AiRs en
las enfermedades prionicas.
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ORIGINAL ARTICLE

Adenosine A; Receptor Protein Levels and Activity Is Increased in
the Cerebral Cortex in Creutzfeldt-Jakob Disease and in Bovine
Spongiform Encephalopathy-Infected Bovine-PrP Mice

Agustin Rodriguez, Mairena Martin, PhD, José Luis Albasanz, Marta Barrachina, PhD,
Juan Carlos Espinosa, PhD, Juan Maria Torres, PhD, and Isidro Ferrer, MD, PhD

Abstract

Prion diseases are characterized by neuronal loss, astrocytic
gliosis, spongiform change, and abnormal protease-resistant prion
protein (PrP™"} deposition, Creutzfeldt-Jakob disease (CID) is the
most prevalent human prion disease, whereas scrapie and bovine
spongiform encephalopathy (BSE) are the most common animal
prion diseases. Several candidates have been proposed as mediators
of degeneration in prion diseases, one of them glutamate. Recent
studies have shown reduced metabotropic glutamate receptor/
phospholipase C signaling in the cerebral cortex in CJD, suggesting
that this important neuromedulator and neuroprotector pathway is
attenuated in CJD. Adenosine is involved in the regulation of
different metabolic processes under physiological and pathologic
conditions, Adenosine function is mediated by adenosine receptors,
which are categorized into 4 types: A, Aga, Azp, and A;. A|Rs are
G-protein-coupled receptors that induce the inhibition of adenylyl
cyclase activity. The most dramatic inhibitory actions of adenosine
receptors are on the glutamatergic system, For these reasons, we
examined the levels of A|Rs in the frontal cortex of 12 patients with
CID and 6 age-matched controls and in BSE-infected bovine-PrP
transgenic mice (BoPrP-TgllQ mice) at different postincubation
times to address modifications in A,Rs with disease progression. A
significant increase in the protein levels of AjRs was found in the
cerebral cortex in CJD and in the murine BSE model at advanced
stages of the disease and coincidental with the appearance of PrP™
expression. In addition, the activity of AjRs was analyzed by in
vitro assays with isolated membranes of the frontal cortex in CID.
Increased activity of the receptor, as revealed by the decreased
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forskolin-stimulated cAMP production in response to the AR agonists
cyclohexyl adenosine and cyclopentyl adenosine, was observed in
CID cases when compared with controls, Finally, mRNA AR levels
were similar in CJD and control cases, thus suggesting abnormal A;R
turnover or dysregulation of raft-associated signaling pathways in
CID. These results show, for the first time, sensitization of A\Rs in
prion diseases.

Key Words: Adenosine receptor, Bovine-PrP transgenic mice,
Bovine spongiform encephalopathy, Creutzfeldt-Jakob disease, Prion.

INTRODUCTION

Prion diseases are characterized by neuronal loss,
astrocytic gliosis, spongiform change, and abnormal protease-
resistant prion protein (PrP™*) deposition. Prion diseases are
caused by the conversion of cellular prion protein (PrPS)
into an abnormal B-sheet-enriched and partially proteinase
K-resistant isoform (PrP™) (1-3). PtP™ is able, in tumn, to
recruit PrPS, resulting in an autocatalytic propagation in the
pathogenic conformation of the protein (1-4). PrPC is an
anchored cell membrane glycoprotein that is expressed in
several tissues but enriched in brain. Creutzfeldt-Jakob dis-
ease (CJD), fatal familial insomnia, Kuru, and Gerstmann-
Straiissler-Scheinker disease are human prion diseases,
whereas scrapie and bovine spongiform encephalopathy
(BSE) are the most common animal prion diseases (1, 5-7).
The sporadic form of CJD is the most frequent type, repre-
senting approximately 85% of total CJD cases. A common
polymorphism at codon 129 of PRNP has important effects
on clinical features transmissibility, and susceptibility to the
disease (5). PrPC is involved in copper metabolism, signal
transduction, and oxidative stress (1, 2, 8). However, mech-
anisms leading to ncurodegenerauon in prion discases are
not merely related with loss of PrPC function, but also to
other mechanisms involved in neurodegeneration and cell
death. Among these, glutamate may play a cardinal role as a
pivotal excitotoxic factor. In this line, PrP-induced cellular
damage is markedly reduced after N-methyl-d-aspartate
(NMDA) receptor inhibition in vitro (9). Despite this work-
ing hypothesis, little is known about neurotransmitter recep-
tors in the cerebral cortex in CJD and related prion diseases
(10). Yet recent studies have shown reduced metabotropic
glutamate receptor/phospholipase C signaling in the cerebral
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cortex in CJD (11), suggesting that this important neuro-
modulator and neuroprotector pathway is attenuated in CID.

Adenosine is involved in the regulation of different
metabolic processes under physiological and pathologic
conditions and mediates its function through the adenosine
receptors {12-14). These are a group of G-protein-coupled
receptors that are classified into 4 groups: A, Ay, Ag, and
As. AjRs and A;Rs mediate inhibition of adenylyl cyclase
(AC) activity through Gai-proteins, and Aj,As and Agys
mediate stimulation of AC activity through Gas proteins
(15, 16). In addition, stimulation of A;Rs activates phos-
pholipase C, phospholi?ase D, and several types of K*
channels and inhibits Ca** currents (12, 16). A, receptors are
found in several tissues (17, 18), but they are enriched in the
central nervous system, where they are expressed in the
cerebral cortex, hippocampus, cerebellum, thalamus, and
brainstem (17-19). In the brain, adenosine modulates neu-
ronal activity by decreasing presynaptic release of various
neurotransmitters (14, 20, 21). The most dramatic inhibitory
actions are on the glutamatergic system (13, 22, 23).
Molecular and functional interactions between A,Rs and
mGluR, have been reported (24). In the same line, several
studies have shown that presynaptic A|Rs can mediate the
neuroprotective effects of adenosine in neurons and glial
cells by limiting the opening of voltage-dependent Ca™*
channels, attenuating the neuronal Ca? influx, and then
decreasing glutamate release (25, 26). Similarly, adenosine
can inhibit glutamate-induced calcium influx and voltage-
gated calcium currents through activation of AjRs in rat
ganglion cells (27). In addition, adenosine acting through
postsynaptic ARs may activate K* channels, leading to
hyperpolarization of postsynaptic neurons and promoting
NMDA receptor inhibition (19).

Based on these findings and in an attempt to learn
about adenosine receptors in prion diseases, the present work
uses Western blotting to study the expression of A|Rs in the
frontal cortex in CJD and in the cerebral cortex of BSE-
infected bovine-PrP transgenic mice (BoPrP-Tgl10 mice).
We also analyzed AR gene expression by TagMan
polymerase chain reaction (PCR) in CID compared with
age-matched controls. To test whether modifications were
specific to A)Rs, expression levels of A;Rs were also
examined in human and mouse brains. Protein studies have
been accompanied with in vitro assays of AC activity in
human frontal cortex using AR agonists cyclohexyl adeno-
sine (CHA) and cyclopentyl adenosine (CPA). Together, the
present observations show for the first time abnormal
regulation and activity of A;Rs in the cerebral cortex in
prion diseases.

MATERIALS AND METHODS

General Aspects of Creutzfeldt-Jakob Disease
Cases and Age-Matched Controls

The brains of 12 patients with sporadic CID and 6 age-
matched controls were obtained from 3 to 8 hours after death
and were immediately prepared for biochemical studies. The
main clinical characteristics are summarized in Table 1.
Criteria for the neuropathologic, molecular, and phenotypic
diagnosis of CID used in the present series are those
currently accepted and detailed elsewhere (5, 28). The
majority of cases used in the present series are those used
in a previous work focused on metabotropic glutamate
receptors in CJD (11). For morphologic studies, formalin-
fixed, dewaxed paraffin sections were stained with hema-
toxylin and eosin, Kliiver-Barrera, and periodic acid-Schiff

TABLE 1. Main Clinical Characteristics of Creutzfeldt-Jakob Disease and Control Cases

Case Age Gender Codon 129 14-3-3 EEG First Symptom Survival in Months PrP Type
CJD1 60 M MM + + Dementia 3 1
ClD2 60 F MM + + Dementia 6 1
CIp3 55 M MM + + Ataxia 3 1
CID4 74 M MM + + Dementia 5 1
CID5 66 M Vv + * Ataxia 4 2
CID6 53 F MM + + Dementia 2 1
CID7 85 E MV + + Dementia 14 1
CID8 71 M Vv + - Ataxia 3 2
ClD9 n F MM + + Dementia 3 1
CIDI0 59 M MM ? o Dementia 8 1
CID 11 60 M MM + - Ataxia 8 2
CiD 12 68 F MM + + Dementia 4 1
Cl 62 M

&2 72 F

C3 73 M

C4 58 F

C5 68 M

C6 69 M

EEG, typical generalized triphasic pseudaperiodic complexes; 14-3-3, the presence (+) or absence of this protein in the cerebrospinal fluid; M, methionine; V, valine; PrP type,
PrP™ type 1, lower band of nonglycosylated PrP™ of 21 kDa; type 2, lower band of nonglycosylated PrP™ of 19 kDa.
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and processed for immunohistochemistry to glial fibrillary
acidic protein, CD68 and Licopericum esculentum lectin (for
microglia), a-synuclein, tau (phospho-specific antibodies),
B-amyloid, a-B crystallin, and PrP. For biochemical studies,
samples of the frontal cortex (area 8) were frozen in liquid
nitrogen and stored at —80°C until use. Neuron loss,
spongiform degeneration, astrocytic gliosis, and microgliosis
involving the cerebral neocortex, striatum, and cerebellum
occurred in every case. Synaptic-like PrP™ deposits were
found in the cerebral cortex and striatum in every case.
Small plaque-like PrP™ were rarely observed in the frontal
cortex. Special care was taken to exclude CJD cases with
associated B-amyloid deposition or Alzheimer disease
pathology. Therefore, none of the CJD cases in the present
series had concomitant diffuse or neuritic plaques. In
addition, samples from 2 cases with cerebral infarction of
48, 73, and 68 hours (perinecrotic arcas) and samples from
subacute plaques from one patient with multiple sclerosis
were processed for comparative purposes. Also for compar-
ative purposes, the frontal cortex of 4 cases with Alzheimer
disease (AD) limbic stage (III/IVB) and 4 cases with
isocortical involvement (stages V/VIC of Braak and Braak
[29]) were processed in parallel with frontal samples from
6 additional age-matched controls. Finally, samples of the
frontal cortex from one control individual were obtained
3 hours postmortem and immediately frozen (time 0) or
stored at 4°C for 3 hours, 6 hours, or 22 hours and then frozen
to mimic variable postmortem delay in tissue processing and
its effect on protein preservation.

Bovine Spongiform Encephalopathy Infection in
BoPrP-Tg110 Mice

The generation and characteristics of these transgenic
mice, as well as the susceptibility and timing of the incubation
after BSE inoculation and the behavioral and neuropathologic
findings of infected mice, have been described in detail
elsewhere (30). Briefly, BoPrP-Tgl10 mice express bovine
PrP insert introduced in a mouse with PrP”” background that
confers susceptibility to BSE infection. BoPrP-Tgl10 mice
express bovine PrP instead of murine-PrP, These transgenic
mice do not develop any alteration in their gene/protein
expression when compared with wild-type mice. As far as we
know, Tg mice have identical biologic properties as wild-type
mice except for their susceptibility to BSE infection (30). For
BSE infection, BoPrP-Tgl 10 mice (females, 6-7 weeks old,
weighing approximately 20 g) were inoculated in the right
parietal lobe using a 25-gauge disposable hypodermic syringe
with 20 L of 10% brain homogenate. TSE/08/59 inoculum,
produced with a pool from the brainstem of 49 BSE-infected
cattle and supplied by the Veterinary Laboratory Agency
(New Haw, Addlestone, Surrey, U K.), was used. As negative
controls, we used the same BoPrP-Tgl 10 mice but inoculated
with healthy cow brain. To minimize the risk of bacterial
infection, homogenates were heated at 70°C for 10 minutes
before inoculation. To evaluate the clinical signs appearing
after inoculation, mice were observed daily and their neuro-
logic status was assessed twice a week. The presence of
3 signs of neurologic dysfunction (using 10 different items)
(31, 32) was required for a mouse to score positive for prion

966

disease. Animals were killed at 60 (n = 4), 150 (n = 3), 210
(n=23), and 270 (n = 4) days postinoculation (dpi). The brains
were rapidly removed from the skulls and immediately
prepared for neuropathologic and biochemical studies.

Histopathology and Immunohistochemistry
in Mice

Tissue sections containing medulla oblongata at the
level of the obex and the pontine area, cerebellum, and
diencephalon, including thalamus, hippocampus, and cere-
bral cortex, were processed for routine histologic methods
and immunohistochemistry. The avidin-biotin-peroxidase
complex (ABC) method was used for the immunohisto-
chemical detection of PrP™ as previously described (30).
Briefly, tissue sections were incubated at 4°C overnight with
the primary 2A11 mAb diluted 1:400 in phosphate buffer
saline (PBS). This was followed by incubation with a
secondary anti-mouse IgG (Dako, Madrid, Spain) diluted
1:20 in PBS. The immunoreaction was visualized with 3,3
diaminobenzidine tetrahydrochloride (Sigma, Madrid, Spain)
and 0.01% hydrogen peroxide. Finally, the sections were
slightly counterstained with Mayer's hematoxylin, dehy-
drated, and mounted on glass slides. The specific primary
antibody was replaced by PBS or by nonimmune mouse
serum in some tissue scctions used as negative controls. The

TABLE 2. Main Characteristics of Bovine Spongiform
Encephalopathy (BSE)-Infected Bovine-PrP Transgenic Mice
Controls BSE
1 2 3 4 1 Y
60 dpi
W - - - - - - - -
mc - - - - - - - -
HP - - - - - - - -
s - - -

150 dpi
WB = oz s = = =
HC - - - - = o
HP = = - = - -
cs = s = R
210 dpi
WB - = = -
mc - - - -
HP s m om s
cs - - -

1+ +
I

270 dpi
wWB - - - -
BE - - - -
HP - - - -
s g B = =

+ + 4+ o+
+ o+ o+ o+
+ + + +
+ + + +

dpi, days postinoculation. Brain samples were analyzed by Western blot after
proteinase-K treatment for PrP™ detection (WB), by histopathology (HP), or by
immunohistochemistry (IHC).

Diseased mice were scored by clinical signs (CS) before euthanasia. HP changes
are characterized by spongiform change and mild astrocytic gliosis. IHC indicates
positive PrP™* immunoreactivity. Note that only one animal showed the presence of
PrP™ at 210 days postinoculation.
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main characteristics of BSE-infected bovine-PrP transgenic
mice are summarized in Table 2.

Plasma Membrane Isolation

Frontal cortex (0.5 g) from contrals and CJD cases was
homogenized in a glass tissue grinder in 20 volumes (w/v) of
isolation cold buffer containing 50 mM Tris-HCI (pH 7.4)
and 10 mM MgCl,/6H50 plus 0.1 mM phenylmethylsufonyl
fluoride, 5 wg/mL aprotinin, 10 pg/mL leupeptin, 5 pg/mL
pepstatin, and 1 mM sodium orthovanadate to inhibit
endogenous phosphatases. After a first centrifugation at
1,000 x g for 5 minutes, the supernatant was discarded and
the pellet was resuspended with the addition of 1.5 mL of
isolation cold buffer and then centrifuged at 27,000 x g for
30 minutes. The corresponding supernatant was discarded
and the pellet was resuspended in 200 pL of isolation cold
buffer and stored at —20°C. Protein concentration was
measured by the BCA method.

Western Blotting

Thirty micrograms of protein were mixed with loading
buffer containing 0.125 M Tris (pH 6.8), 20% glycerol, 10%
[3-mercaptoethanol, 4% SDS, and 0.002% bromophenol blue
and heated at 95°C for 5 minutes. Sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (10% SDS-PAGE) was
carried out using a miniprotean system (Bio-Rad, Madrid,
Spain) with molecular-weight standards (Bio-Rad). Proteins
were then transferred to nitrocellulose membranes using an
electrophoretic transfer system (semidry; Bio-Rad). The mem-
branes were washed with TTBS containing 10 mM Tris-HCl
pH 74, 140 mM NaCl, and 0.[% Tween-20. Nonspecific
blocking was performed by incubating the membranes in
TTBS containing 5% skim milk for 20 minutes. Membranes

AR:CJD
Controls

were incubated with the primary antibodies at 4°C overnight.
The rabbit polyclonal anti-A,R antibody (Oncogene, Barcelona,
Spain) was used at a dilution of 1:500. The rabbit
polyclonal anti-AzsR antibody (Santa Cruz Biotechnology,
Madrid, Spain) was used at a dilution of 1:300. The rabbit
polyclonal anti-ACI antibody mapping at the C-terminus of
AC! of human origin (Santa Cruz Biotechnology) was used at
a dilution of 1:300. The ant-A;R antibody (Oncogene) was
raised against a synthetic peptide (CQPKPPIDEDLPEEKAED)
corresponding to amino acids 309-326 of rat adenosine
receptor subtype Al (AIAR). The anti-AysR antibody (Santa
Cruz} is a rabbit polyclonal antibody raised against amino acids
331-412 mapping within the C-terminal cytoplasmic domain
of adenosine A 4R of human origin. The ACI antibody (Santa
Cruz) is an affinity-purified rabbit polyclonal antibody raised
against a peptide mapping at the C-terminus of A cyclase I of
human origin. After rinsing, the membranes were incubated
with the corresponding anti-rabbit secondary antibody (Dako)
at a dilution of 1:1,000 for | hour at room temperature. The
membranes were then washed and developed with the
chemiluminescence ECL system (Amersham, Madrid, Spain)
followed by exposure of the membranes to autoradiographic
films at 4°C. The monoclonal anti-B-actin antibody (Sigma)
was used at a dilution of 1:5,000 as a control of protein loading.

AjR Immunohistochemistry

Control and disease cases were fixed, treated with formic
acid, and embedded in paraffin in the same way. Paraffin
sections, 4-pm thick, were processed with the EnVision +
system peroxidase (DAB) procedure (Dako). The rabbit
polyclonal anti-A\R antibody (Oncogene) was used at a
dilution of 1:500. The rabbit polyclonal anti-A,sR antibody
(Santa Cruz Biotechnology) was used at a dilution of 1:300.

CJD

AR > s s e e o B o = ™ as e @8 [ 36k
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FIGURE 1. Increased A;Rs protein levels in the frontal cortex in Creutzfeldt-Jakob disease when compared with age-matched
controls, B-actin is used as a control of protein loading. Numbers in the graph are arbitrary units. Data are means + standard
deviation. Student t-test, p < 0.05.
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FIGURE 2. No modifications in the protein levels of ARs are seen in Creutzfeldt-Jakob disease when compared with age-matched
controls. B-actin is used as a control of protein loading. Numbers in the graph are arbitrary units.

The peroxidase reaction was visualized with 0.05% diamino-
benzidine and 0.01% hydrogen peroxide (brown precipitate).
Some sections were incubated without the primary antibody.
No immunoreactivity was found in these samples,

Preliminary studies have shown that this antibody is
not suitable for immunogold—electron microscopy studies.
Therefore, no further attempts were made to localize A\R
receptors by electron microscopy.

mRNA Isolation

mRNA isolation was carried out in 2 steps as previously
described (33). Total RNA was isolated using TRizol Reagent
(Life Technologies, Barcelona, Spain) followed by the
RNeasy Midi Kit (Qiagen, Barcelona, Spain). Absence of
genomic DNA in RNA samples was confirmed by the Agilent
bioanalyzer. Frozen human frontal cortex samples were di-
rectly homogenized in 1 mL of TRizol Reagent per 100 mg
tissue and left for 5 minutes at room temperature. Next,
200 pL of chloroform was added and mixed vigorously. After

FIGURE 3. A;R immunohisto-
chemistry in (A) control and (B,
€) Creutzfeldt-Jakob disease (C|D).
AR immunoreactivity is found in
the cytoplasm of neurons and in
the neuropil in control and diseased
cases. Moderate increased immu-
noreactivity is found in C|D when
compared with controls. Paraffin
sections lightly counterstained with
hematoxylin. Scale bar = 25 pm.
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3 minutes at room temperature, the samples were centrifuged
(12,000 x g, 15 minutes, ACD. The resulting supernatants
were mixed with 0.5 mL of isopropanol, left at room tem-
perature for 10 minutes, and then centrifuged (12,000 x g,
10 minutes, 4°C). After this step, the pellets were washed
with | mL of ethanol 70% and centrifuged at 7500 x g for
5 minutes at 4°C. Then, the pellets were dried at room
temperature for 10 minutes and resuspended in 100 pL of
RNase-frec water and incubated in a water bath at 55°C to
60°C for 10 minutes. Purified total RNA was mixed with
350 uL of RTL buffer (containing mercaptoethanol) provided
with the RNeasy Midi Kit and 250 pL of ethanol 96%. The
resulting solution was poured into an RNeasy column and
centrifuged at 8000 x g for 15 seconds. Next, 500 wL of RPE
buffer (provided with the RNeasy Midi Kit) was also poured
into the column and centrifuged at 8000 x g for 15 seconds.
This step was done twice followed by a centrifugation at
8000 x g for 2 minutes to completely elute the RPE buffer.
Finally, the RNA was eluted by adding 30 to 40 uL of
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A;R: Multiple Sclerosis (MS) / Cerebral Infarct (CI)
Controls MS ClI
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FIGURE 4. No modifications in the protein levels of A¢Rs are
seen in subacute plaques in one case of multiple sclerosis (MS)
and in the perinecrotic area in 2 cases with cerebral infarct
when compared with age-matched controls, B-actin is used as
a control of protein loading. Numbers in the graph are
arbitrary units.

RNase-free water and centrifuging the column at 8000 x g
for 1 minute, The columns used exclude tRNA, 58S, and 5.85
ribosomal RNA. The concentration of each sample was
obtained from A260 measurements. RNA integrity was
confirmed by using the Agilent 2100 BioAnalyzer (Agilent,
Barcelona, Spain).

¢DNA Synthesis

For each 100 pL reverse transcription reaction, 2 pg
human RNA was mixed with 2.5 uM random hexamers, 1x

A,R: AD (early and advanced stages)

TagMan reverse transcriptase buffer, 5.5 mM MgCl, 500 pM
each dATP, dTTP, dCTP and dGTP, 0.4 U/uL RNase
inhibitor, and 1.25 U/wL MultiScribe reverse transcriptase
(Applied Biosystems, Barcelona, Spain). Reactions were
carried out at 25°C for 10 minutes to maximize primer-RNA
template binding followed by 30 minutes at 48°C and then
by incubation for 5 minutes at 95°C to deactivate reverse
transcriptase. Parallel reactions for each RNA sample were
run in the absence of MultiScribe reverse transcriptase to
assess the degree of contaminating genomic DNA,

TagMan Probes

Human B-glucuronidase (GUS) (Hs99999908_mi,
TaqMan probe 5-GACTGAACAGTCACCGACGA
GAGTG-3), human B-actin (Hs99999903_ml, TagMan
probe 5“TCGCCTTTGCCGATCCGCCGCCCGT-3'), and
human AR (Hs00379752_ml, TagMan probe 5-GAT
CCCTCTCCGGTACAAGATGGTG-3') were examined in
the present study. The TagMan assay for GUS is located
between 11 and 12 exon boundary at position 1816 of
NM_000181.1 transcript sequence. The predicted am-
plicon size is approximately 81 base pairs. The TagMan
assay for B-actin is located in the S’ UTR region at
position 36 of NM_001101.2 transcript generating an
amplicon of 171 base pairs. The TaqMan assay for A\R
is located between 5 and 6 exon boundary, at position 752
of NM_000674.1 transcript, generating an amplicon of
111 base pairs.

TagMan Polymerase Chain Reaction

TagMan PCR assays for AR were performed in
duplicate on ¢cDNA samples in 96-well optical plates using
an ABI Prism 7700 Sequence Detection system (Applied
Biosystems). The plates were capped using optical caps
(Applied Biosystems). The ABI Prism 7700 measures the

AR — -—-——-—“ﬂﬂ—-————kasm
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FIGURE 5. Increased A;Rs protein levels in the frontal cortex in 4 cases with stage lll/IVB (lanes 7-10) and in 4 cases of Alzheimer
disease stages V/VIC of Braak and Braak (lanes 11-14) compared with ARs protein levels in 6 age-matched controls (lanes 1-6).
B-actin is used as a control of protein loading. Numbers in the graph are arbitrary units. Data are means + standard deviation.
Student t-test, p < 0.05 (*) and p < 0.01 (**).
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fluorescent accumulation of the PCR product by continu-
ously monitoring cycle threshold (Ct), which is an arbitrary
value assigned manually to a level somewhere above the
baseline but in the exponential phase of PCR where there are
no rate-limiting components. The Ct value sets the point at
which the sample amplification plot crosses the threshold.
The Ct values correlate with the initial amount of specific
template. For each 20 pL TagMan reaction, 9 pL cDNA
(diluted 1/50, which corresponds approximately to the
¢DNA from 4 ng of RNA) was mixed with | pL 20x
TagMan Gene Expression Assays and 10 pL of 2x TagMan
Universal PCR Master Mix (Applied Biosystems). Parallel
assays for each sample were carried out using primers and
probes with B-actin and GUS for normalization. The re-
actions were carried out using the following parameters:
50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C
for 15 seconds, and 60°C for 1 minute. Standard curves were
prepared for ADORAI1 (A|R), B-actin, and GUS using serial
dilutions of control human brain RNA. Finally, all TaqgMan
PCR data were captured using the Sequence Detector
Software (SDS version 1.9; Applied Biosystems). The
TaqMan probe for B-actin does not recognize DNA because

it matches to exon—exon boundary. In this line, the gene
expression [D suffix indicates the assay placement: “_m”
indicates an assay whose probe spans an exon junction and
does not detect genomic DNA. “_g” indicates an assay that
may detect genomic DNA. In our study, the TagMan probe
for B-actin has an assay ID hs99999903_m] indicating that
this probe only recognizes cDNA.,

Determination of Adenylyl Cyclase Activity
Adenylyl cyclase activity was determined in plasma
membranes as previously described (34, 35) with minor
modifications. Plasma membranes were first incubated
with adenosine deaminase (ADA, 5 U/mg protein) at 37°C
for 30 minutes to remove endogenous adenosine, Assay was
performed with 20 g of protein in a final volume of 250 pL
of 50 mM Tris-HCI (pH 7.4) containing 5 mM MgCl,, | mM
DTT, 1 mg/mL BSA, | mg/mL creatine kinase, 10 mM cre-
atine phosphate, and 0.1 mM Ro 20-1724 (a phosphodies-
terase inhibitor). Plasma membranes were incubated at 37°C
for 6 minutes in the absence (basal activity) or in the presence
of 5 uM GTPYS and 50 pM or 100 pM forskolin. AIR/AC
functionality was determined in the presence of 1 mM CPA
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FIGURE 6. (A) Representative standard
curves for ADORA1, GUS, and B-actin con- g
structed from several concentrations of con- g
trol human brain RNA. Cycle threshold (CT) =
values (y-axis) versus log of several RNA
concentrations of control samples (x-axis) g
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FIGURE 7. Adenyl cyclase (AC) activity in Creutzfeldt-Jakob
disease (C|D). cAMP levels detected by the cAMP enzyme
immunoassay kit in vitro are expressed as the percentage of
AC basal activity in the presence of 5 uM GTPyS, 50 uM
forskolin, and 100 wM forskolin (forsk). No significant differ-
ences in AC activity are seen between C|D and control cases in
the different paradigms. Data are means + standard deviation.
Student t-test, p < 0.05.

(NS-cyclopentyladenosine) and | mM CHA (cyclohexyl
adenosine) used as specific A|Rs agonists (15). The reaction
was started by adding 200 uM ATP and continued with incu-
bation at 37°C for 10 minutes while shaking. The reaction
was stopped by boiling the samples. This was followed by
centrifugation at 12,000 x g for 5 minutes. Fifty microliters of
the supernatant was used to determine cAMP accumulation.
¢AMP concentration was determined by using the cAMP en-
zyme immunoassay kit (Assay Designs, Inc., Bionova, Madrid,
Spain) following the instructions of the supplier. The result-
ing plates were examined with a plate reader at 405 nm and
the results analyzed using Microsoft Excel, Microsoft Excel
was used with GraphPad Prism to analyze the numeric data
obtained from the reader plate using a weighed 4-parameter
logistic curve. Excel was also used for the graphic repre-
sentation of these results, All the experiments were carried
out in triplicate.

Densitometry and Statistical Processing of Data

Protein expression levels were determined by densi-
tometry of the bands using Total Laboratory v2.01 software.
This software detects the bands obtained in Western blots
and gives individual values that are dependent on the light
quantification of the corresponding band. Measurements are
expressed as arbitrary units. The results were normalized for
B-actin. The numeric data obtained from Western blotting
and AC activity assays in diseased and control cases were
statistically analyzed using the Student r-test with Prism 4
progtam (GraphPad Software, San Diego, CA). Differences
were considered statistically significant with the following p
values: < 0.05 (*) and < 0.01 (**).

© 2006 American Association of Neuropathologists, Inc.

RESULTS

AsR and AzR in Creutzfeldt-Jacob Disease

No modifications in the protein levels of A|R and AC
were seen in tissue samples with artificial postmortem delay
up to 22 hours (data not shown). Because the postmortem
intervals of the samples used in the present series were less
than 8 hours, possible modifications in the expression levels
were not attributable to postmortem delay.

The levels of A|R were markedly increased in the
frontal cortex in CJD when compared with age-matched
controls (Fig. 1). Densitometric analysis of the A|R bands
corrected for B-actin showed significant differences between
CID cases and controls (p < 0.05) with the increase in CID
being approximately 190%. In contrast, no differences in
AR levels were seen in CJD when compared with age-
matched controls (Fig, 2).

Immunohistochemical studies showed A|R immuno-
reactivity in the cytoplasm of neurons and in the neuropil in
control and diseased brains, AR immunoreactivity was
moderately increased in CID when compared with controls
(Fig. 3). No other cells, including astrocytes and microglia,
were recognized with anti-A,R antibodies.

Although the predominant patiern of PrP™ deposition
in the frontal cortex was synaptic in the majority of CID
cases, small plaque-like PrP™ deposits were seldom present.
Increased AR immunoreactivity in neurons was not related
with plaque-like PrP™ deposition, but, rather, increased AR
immunoreactivity was generalized in the frontal cortex.

AR and AzR in Multiple Sclerosis, Brain Infarcts,
and Alzheimer Disease

No modifications in the protein levels of AR were
observed in the perinecrotic area in 3 cases with cerebral

Percentage of inhibition of Fsk-stimulated AC: CJD

07
m Controls  ** *
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uCJD
05

04
03
02
01
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FIGURE 8, Inhibitory effects on adenylyl cyclase (AC) activity
in the presence of the A;Rs agonists CHA (cyclohexyl
adenosine) or CPA (Né-cyclopentyladenosine) on 50 pM
forskolin (forsk)-stimulated AC activity. Results are expressed
as the percentage of AC inhibition. Significant increased AC
inhibition is observed in the presence of 1 mM CHA (Student
t-test, p <0.01) orin the presence of 1 mM CPA (Student t-test,
p < 0.05) in Creutzfeldt-Jakob disease compared with age-
matched controls. Data are means + standard deviation,
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A,R: BSE-infected bovine-PrP mice
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FIGURE 9. A;Rs expression levels in bovine spongiform encephalopathy-infected bovine-PrP transgenic mice (BoPrP-Tg110) at
60, 150, 210, and 270 days postinoculation (dpi) compared with controls. Significant differences between infected mice and
controls are seen at 210 and 270 dpi. Numbers in the graph are arbitrary units. Data are means + standard deviation, Student

t-test, p < 0.05.

infarcts and in subacute plaques in one case with multiple
sclerosis (Fig. 4).

Finally, increased A;R levels were observed in the
frontal cortex in AD cases. Interestingly, significant differ-
ences were already observed in limbic stages (II/IVB) (p <
0.05), which increased in isocortical stages (V/VIC) (p <
0.01) (Fig. 5). As described in detail elsewhere, increased

A;R: BSE-infected bovine-PrP mice
Controls 60 dpi

150 dpi

AR immunoreactivity in AD was found in neurons as well
as in aberrant neurites in senile plaques (36).

Reverse Transcriptase-Polymerase
Chain Reaction

Results obtained by the ABI Prism 7700 for ADORAI
gene were normalized by B-actin and GUS, The final results

210 dpi 270 dpi
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FIGURE 10. No modifications in the expression levels of AzRs are seen in bovine spongiform encephalopathy-infected bovine-PrP
transgenic mice (BoPrP-Tg110) at 60, 150, 210, and 270 days postinoculation (dpi) compared with controls. B-actin is used as a
control of protein loading. Numbers in the graph are arbitrary units.
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(expressed in arbitrary units [AU]) revealed no significant
differences in AR mRNA expression in CID when
compared with controls (Fig. 6).

Adenylyl Cyclase Expression and Activity in
Creutzfeldt-Jakob Disease

Western blots to AC in the frontal cortex did not show
differences between control and CJD cases (data not shown),
In vitro assays were carried out with isolated membranes of
the frontal cortex from CID cases and controls. Basal AC
activity was approximately of the same order (133 pmol/mg
of protein/min) in CJD and controls (Fig. 7). However,
significant differences were seen following the addition of
the A;Rs agonists CHA or CPA on the cAMP production in
a forskolin-stimulated AC system.

Significant increased inhibition of forskolin (50 pM)-
stimulated AC was found in the presence of 1 mM CHA (p <
0.01). This represented increased A Rs levels of 207%.
Similarly, significant increased inhibition of forskolin
(50 wM)-stimulated AC was found in the presence of | mM
CPA (p < 0.05). This increased inhibition represented in-
creased A Rs levels of approximately 191% in CJD com-
pared with controls (Fig. 8).

A:R and A;R Western Blotting in Bovine
Spongiform Encephalopathy-Infected
Bovine-PrP Transgenic Mice

No differences in the protein levels of A;Rs were seen
in BSE-infected bovine-PrP transgenic mice at 60 dpi and
150 dpi when compared with age-matched controls. Yet, a
significant increase was observed at 210 dpi (p < 0.05) and
270 dpi (p < 0.05) (Fig. 9). Interestingly, PrP™ was not
detected by Western blotting until 270 dpi, although PtP™™
was detected by immunohistochemistry in some animals at
210 dpi but not at earlier postinjection stages (Table 2). In
contrast, no modification in the expression levels of A;Rs
was observed in BSE-infected bovine-PrP transgenic mice
throughout the same period (Fig. 10).

DISCUSSION

The present results have shown increased A|R protein
levels in the frontal cortex in CJD compared with age-
matched controls and in the cerebral cortex in BSE-infected
PrP-bovine mice (BoPrP-Tgl10) with disease progression.
Western blots to AC and basal AC activity were similar in
control and CJD cases, However, in vitro assays carried out in
human samples demonstrated a marked increase in the
percentage of inhibition of 50 uM forskolin-stimulated AC
in the presence of the A;R agonist ligands CPA (Né6-
cyclopentyladenosine) and CHA (cyclohexyl adenosine), thus
indicating a sensitization of the system. Moreover, there is a
strong correlation between the increased AR levels (186%)
detected by Western blotting and the increased AC inhibition
(199%) predicted by in vitro assays. These results seem to be
specific for AjRs because the protein levels of A,Rs are not
modified in the cerebral cortex in CJD and in BSE-infected
PrP-bovine mice. Because increased amount and activity of
ARs are accompanied by preserved levels of A;Rs and

© 2006 American Association of Neuropathologists, Inc.

reduced group 1 mGIuR/PLCR/PKCY signaling pathway
(11) in the same cases, it is reasonable to assume that
increased A R is likely not the result of aberrant regulation of
the ubiquitin-proteasome system (37). Similar findings have
been observed in all CJD cases, suggesting no effect of the
proteinase K-resistant PrP type or the genotype at codon 129
in the A{R response in CID.

It can be argued that increased levels of AR may be
secondary to macrophage infiltration (38). Yet, results in
multiple sclerosis are contradictory (39, 40), whereas we
have been unable to show modifications in the levels of
ARs in subacute plaques in multiple sclerosis and in the
perinecrotic areas in cerebral infarcts. Furthermore, immuno-
histochemical studies have shown A;R immunoreactivity in
neurons, which is increased in CJD cases. No other cells,
including astrocytes and microglia, have been recognized
with anti-A|R antibodies.

Results of the TagMan PCR assay have shown no
changes in AR mRNA induction in CJD cases when com-
pared with controls. This result indicates that increased AR
protein levels and increased AR activity are not linked to an
upregulation of AR mRNA. Rather, increased AR levels
and activity might be related with increase rates of mRNA
translation or with a longer turnover of the receptor in the
cytoplasmic membrane. Another possibility is the dysregula-
tion of A|R or AC in membrane caveolae or in raft-associated
signaling pathways (41, 42). Ligand-induced, activated A;R
receptors are internalized by caveolae (41, 42), the turnover
of recycling probably depending on several factors mainly the
structure of plasma cell membranes at specific sites (42). In
this line, it is worth stressing that rafts are altered in prion
diseases (43) and lipid and protein changes at lipidic rafts and
caveolae may interfere with the normal function of these cell
membrane specializations.

Studies on cortical A;Rs in psychiatric and neuro-
degenerative diseases are not abundant (26, 44). Yet,
previous studies in neurodegenerative diseases have shown
a change in the pattern of expression and distribution of
A,Rs in the cerebral cortex in AD (36, 45). Reduction in the
intensity of the radioligand binding suggested reduced A;R
function in AD (36). Other studies have shown A;Rs
redistribution and A;Rs overexpression in neurons and in
dystrophic neurites of senile plaques in AD (36). The present
findings further support our previous observations showing
increased AR protein levels in the frontal cortex in AD
(36). Moreover, increased A R expression occurs at stages
of the disease in regions (frontal cortex) with moderate
amyloid burden but no morphologic evidence of hyper-
phosphorylated tau pathology (limbic stages III/IVB).
Despite these findings, basal and stimulated AC activity is
reduced in the cerebral cortex in AD (46, 47).

It is tempting to speculate about the role of abnormal
PrP™ and B-amyloid deposition in the regulation of AR
signaling pathway in CJD and AD, respectively. Previous
studies in AD have shown increased A(R immunoreactivity in
association with senile plaques (36), and the present findings in
AD cases have revealed increased AR protein levels in the
frontal cortex of AD cases in regions with no tau pathology but
with B-amyloid plaques (stage 2 of Braak and Braak).
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However, increased A\R immunoreactivity in frontal neurons
in AD and CJD is generalized and not merely related with
large, specific protein aggregates. In this line, it is worth
considering that B-amyloid and PrP™ protofibrils, as well as
other fibrils deposited in neurodegenerative diseases with
abnormal protein aggregates, may function as pathogenic pores
(48). Whether it is the presence of PrP™ aggregates or PrP
protofibrils a principal cause of abnormal AR signaling needs
further study.

Over expression of AjRs in transgenic mice results in
protection from ischemia—reperfusion injury (49-51). Con-
versely, disruption of A, receptors in mice results in
elimination of the effect of adenosine on excitatory neuro-
transmission and in reduced responses to hypoxia (52, 53).
A,Rs agonists mediate neuroprotectmn at presynaptic and
postsynaptic levels. A;Rs block Ca® influx, which results in
the inhibition of glutamate release and reduction of its
postsynaptic excitatory effects (19, 54). Furthermore, acti-
vation of presynaptic AjRs decreases NMDA receptor-
mediated excitatory potentials during hypoxia (55, 56).
Adenosine kinase inhibitors, and novel A Rs agonists and
antagonists, are currently proposed as putative therapeutic
agents in neurodegenerative diseases and other brain
disorders (26, 54). Insights gained from studies on genet-
ically modified mice with respect to the function of
adenosine receptors and their potential as therapeutic targets
have been reviewed elsewhere (57).

Finally, A\Rs are accessible for in vivo imaging
using selective AR li ﬁands ("®FICPFPX (58) and 8-
dlcyc[opropylmethyl -1-("")C-methyl-3-propylxanthine (59)
and positron emission tomography (PET). Therefore,
selective AR ligands in combination with other markers
may serve to further delineate A|R modifications by PET
imaging in CJD and in other neurodegenerative disorders
with disease progression.
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Las anormalidades en la sinapsis y el fallo de la transmisién sindptica
parecen ser cruciales en la patogénesis de las enfermedades pridnicas. Los
mecanismos excitotéxicos han sido postulados como una de las causas mds
importantes de la neurodegeneracién en estas condiciones. En esta lineaq,
estudios previos han mostrado una sefializacion anormal de los mGIuRs en la
ECJ. En este estudio hemos examinado esta via por WB en la corteza
cerebral de ratones transgénicos para la PrP bovina infectados con EEB a
diferentes dpi. La activacion del receptor mGIuR; promueve la activacién de
la PLCB1 que puede activar, al mismo tiempo, a la PKC, que regula la
expresion génica. La densitometria de las bandas de los WB revelan que no
hay diferencias significativas en los niveles de proteina de mGluR; a través
del tiempo, pero muestra niveles disminuidos de PLCp;: y de PKCS a 270 dpi,
en el mismo estadio en el que se manifiestan déficits neuroldgicos
acompafiados por cambios heuropatoldgicos y deposicién de PrP™ en el
cerebro. Los resultados que se presentan muestran un deterioro de la
cascada mGluRy/PLCP1/ PKC3 con el progreso de la enfermedad en el modelo
murino de EEB.
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Group I mGluR signaling in BSE-infected bovine-PrP transgenic mice
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Alstract

Abnormalitics of synapses and impaired synaptic transmission appear o be crucial in e pathogenesis of prion discases. Excitttonic mechanisms
have been postulited as o major cabse of neurodegeneration i these conditions, [n this line, previous stilies have shown sbiormal group |
metabotropic glutimate receptor signaling in Creutefebdi-lakob disease (CID), In the present study, we have examined this pathway by western
blotting in the cerchral corfex of bovinge-spongiform encephalopathy (BSE -infected bovine-PrP transgentc mice at different days post-inoculation
{dpih, Activation of post-synaplic metabotropic glutanuite receptor | (mGluR1) promotes. phospholipase CR1(PLCRIY activation which may
activide, in wrn, protein kinpe C (PRC ), which regulates gene expression. Densitonsetric analysis of the western blot bands revealed no differences
in the profein bevels of (mGluR 1) theough tme, but demonstrated decremsed levels of PLCR D and profein Kinase C delta (nPKCE) a1 270d0pi, al the
thimie when mice dhowed neurclogical deficits scoompanied by nevropathological changes amd PrPres deposition in the brain, The present results

show, for the first time imgairment of the mGloR PLCRVPRCS pathway signaling with disease-progression in a murine madkl of BSE.

0 2006 Elsevier Ireland Lid. AN rights reservail.

Keywonti: Prion: Bawvine spongiform encephakopathy; Metabotropic glutanabe; Recepton; Phispholipase C; Protein kinase ©

Prion diseases are characterized by newronal loss, astrocytic
gliosis, spongiform change and abronmal protease-resistint
prion protein deposition, and they are associated with the
conversion of cellular prion protein (PrPC) into an abrormal
Besheet enriched and pantially protcinase Keresistant isolorm
(PePres). PrPres is able, in wm. 1o recruit PrPC, resulting
in an avtocatalytic propagation in the pathogenic conform-
tion of the protein [1.4,19] Prion discases include scrapie
and bovine spongifonm encephalopathy (BSE) in animals,
and Creutzfeldt-Jakoh's disease (CID), fatal familial msomnia,
kot amd Gerstmann-Stratissler-Scheinker disese in humans
11,219, Several mechanisms are probably implicaed in the
degeneration of newrons in prion diseases [T, Among them,
those related with synaptic wransmission appear 1o be ey

* Cornesponding suibioe al: Institul de Neuropatologha Servel Anabimia
Paloligica IDIBELL-Hospital Universitan de Bellvitge, oFleisa Llarga sn,
(907 Howpitnlet de Llobregat, Spain. Tel.: +34 93 2600 7452
fan: +34 43 260 7503,

E-maail inclifress; BOS2at# comihyes (). Ferrer)

(130K 394005 — s Frond matber © 2006 Elsevier frefand Ll Al rights reserved.

oiri: DR D] A et D00 D, (164

cial in their pathogenesis. Moreover, excitotoxic mechanisms
of newrodegencrtion have been postulated i prion diseases
123].

Glutamate is the main excitatory nesrotransmitier in the CNS
whose actions are medisted by glutamate receptors (GluRs ) in
target cells, GluRs are chissified as ionotropic and metabotropic
receptors. lonotmopic glotamate receptors (iGluRx) are ligand-
gitted cation channe|s that mediate fast excitatory nerotransmis-
sion, whereas metahotropic glutamate receptors (mGluRs) are
counpled to intraceliolar runsduction via G-proteins, and medi-
ate slower responses [6.3,12,16,18), mGluRs are divided o
eight subtypes. which are categorized into three groups aceord-
ing tosignal irnsduction properties. Group 1 including mGluR |
amd mGIRS, are positively coupled 1o phospholipase C (PLC).
Three structural groups constitute the PLC svstem: . v and &,
PLCR 1. which is the most highly expressed of PLOB tsoforms in
the brain, is activated by the Gy family of Geproteins, whereas
non-refated PLCy is a substrate for tysosine kinase [8.20.21],
Activation of post-synaptic mGIRT and mGluRS promotes
PLCP! activation. which hydmlyzes a minor membrane
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phospholipid, phosphatidylinositol 4.5-bisphosphate, to pro-
duce a pair of intracellular messengers, diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP3). The interaction between
IP3 and a protein forming a calcium channel in the mem-
brane of the endoplasmic reticulum (ER) causes a rapid efflux
of Ca™ accumulated in ER and an increase of fiee Ca®* in
the cytosol. DAG remaining in the plasma membrane, together
with Ca™, activates protein kinase C (PKC), which regu-
lates gene expression through phosphorylation of many tar-
get proteins, including several kinases [9,17]. Previous studies
in our lab have demonstrated reduced group [ metabotropic
glutamate receptor/phospholipase CB1 (mGluR I/PLCPB1) path-
way in CID [22]. We have herein extended the study of
mGluRI/PLCBI and its effector protein kinase Cd (PKCS)
in the cerebral cortex of BSE-infected bovine-PrP transgenic
mice.

The generation and characteristics of these transgenic mice,
as well as the susceptibility and timing of the incubation fol-
lowing BSE inoculation and the behavioral and neuropatho-
logical findings of infected mice, have been described in detail
elsewhere [3]. Briefly, BoPtP-Tgl10 mice express bovine PrP
insert introduced in a mouse PrPO/0 background that confers
susceptibility to BSE infection. BoPrP-Tgl10 mice express
bovine PrP instead of murine-PrP. These transgenic mice do
not develop any alteration in their gene/protein expression
when compared with wild mice. As far as we know, Tg mice
has identical biological properties as wild type mice except
for their susceptibility to BSE infection [3]. For BSE infec-
tion, BoPrP-Tgl10 mice (females, 6-7 weeks old, weighing
approximately 20 g) were inoculated in the right parietal lobe
using a 25 gauge disposable hypodermic syringe with 20 pl of
10% brain homogenate. TSE/08/59 inoculum, produced with
a pool from the brainstem of 49 BSE-infected cattle and sup-
plied by the Veterinary Laboratory Agency (New Haw, Addle-
stone, Surrey, UK), was used. As negative controls, we used
the same BoPrPTgl10 mice but inoculated with healthy cow
brain. To minimize the risk of bacterial infection, homogenates
were heated at 70°C for 10 min before inoculation. To eval-
uate the clinical signs appearing after inoculation, mice were
observed daily and their neurological status was assessed twice
a week. The presence of three signs of neurological dysfunc-
tion (using 10 different items) was required for a mouse to
score positive for prion disease [3]. Clinical parameters exam-
ined were waddling gait, rough coat, dullness about head,
very jumpy, incontinence, flattened back, sticky eye discharge,
weight loss and hunching. Animals were sacrificed at 60 (n=4),
150 (n=3), 210 (n=3) and 270 (n=4) days post-inoculation
(dpi). The brains were rapidly removed from the skulls and
immediately prepared for neuropathological and biochemical
studies.

Brains were prepared as follows: tissue sections con-
taining medulla oblongata at the level of the obex and the
pontine area, cerebellum, diencephalon including thalamus,
hippocampus and cerebral cortex, were processed for rou-
tine histological methods and immunohistochemistry. The
avidin-biotine-peroxidase complex (ABC) method was used for
the immunohistochemical detection of PrPres. Briefly, tissue

sections were incubated at 4°C overnight with the primary
2A11 mAb diluted 1:400 in phosphate buffer saline (PBS). The
2A11 mAb is a PrP specific antibody recognizing the epitope
[7IQVYYRPYDQI79 of the bovine PrP [3]. This was followed
by incubation with a secondary anti-mouse IgG (Dako, Madrid)
diluted 1:20 in PBS. The immunoreaction was visualized with
3,3'-diaminobenzidine tetrahydrochloride (Sigma, Madrid) and
0.01% hydrogen peroxide. Finally, the sections were slightly
counterstained with Mayer’s haematoxylin, dehydrated and
mounted on glass slides. The specific primary antibody was
replaced by PBS or by non-immune mouse serum in some tissue
sections used as negative controls. In addition, frozen brain
samples were used for the determination of PrPres by gel elec-
trophoresis and Western blotting [3]. The main characteristics
of BSE-infected bovine-PrP transgenic mice are summarized in
Table 1.

For the study of mGluRI/PLCBI/PKCS pathway 30 pg of
protein was mixed with loading buffer containing 0.125 M Tris

Table 1
Main characteristics of BSE-infected bovine-PrP transgenic mice: dpi: days
post-inoculation

Controls BSE

| 2 3 4 |

(=1
.

60dpi
wB - - - - - - - =
HC - - - - - - - -
HP - - - - - - - =
s - - - - - - - =

Controls BSE

551

150 dpi
W8 - - - - - -
THC - - - - - -
HP - - - - - -
Cs - - - - - -

Controls BSE

351
[
w

210dpi
WB - - - - - -
THC - - - -
HP - - - -
cs - - - -

+ +

Controls BSE

(=3

e
.
(=Y
.

270 dpi
WB - - - -
HC - - - -
HP - - - -
cs - - - -

+ o+ + o+
+ + + +
+ + + +
+ o+ + o+

Brain samples were analyzed by Western blot after proteinase-K treatment for
PrPres detection (WB), by histopathology (HP), or by immunohistochemistry
(IHC). Diseased mice were scored by clinical signs (CS) before cuthanasia. HP
changes are characterized by spongiform change and mild astrocytic gliosis.
THC indicates positive PrPres immunoreactivily.
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ipH 6.8). 20% glycerol. 10% B-mercaptocthanol. 4% SDS and
0.002% bromophenol blue, and heated at 95°C for Smin,
Sodivm dodecysulphite-pelyacrylamide gel electrophoresis
{10% SDS-PAGE) was carried out using a mini-protean system
i Bio-Rad) with molecular weight standands ( Bio-Rad, Madrid).
Proteins were then transferred 1o nitrocellulose membranes
using an electophoretic mnsler system | Semi-dry, Bio-Rad).
The membranes were washed with TTBS containing 110 mM
Tris=HCl pH 7.4, 140 mM NaCl and 0.1% Tween-20. Nonspe
cific blocking was performad by incubating the membranes in
TTBS containing 3% skimmed milk for 20min. Membranes
were incubated with the primary antibodies at 4 °C overnight.
The rabbit polyclonal antibedy to mGluRT (Upstate. Reactiva,
Madrid) was used at a dilution of 1:1000; the rabbit polyclonal
anti-PLOP T (Sama Cruz Biotechnology ) antibody was used at 2
dilution of F:300; and the rbbit polyelonal anti-nPRCS (Santa
Cruz Biotechnodogy ) was used at a dilution of |:1000. Afier
rinsing, the membranes were incubated with the comesponding
anti-rabi secondary antibody (Dako, Madrid) at a dilition of
L0000 for 1 b a room temperature. The membranes were then
wirshed and developed with the chemiluminescence ECL system
i Amersham, Madrid) followed by exposure of the membranes
to autoradigraphic films at 4 “C. The monoclonal anti-B-actin
antibody (Sigma, Barcelona) was wsed at a dilution of 1:5000
as o conirol of protein loading. Protein expression levels were
determined by densitometry of the bands using Total Labora-

tory v2.01 software. This software detects the bands obtained in
Westem blots and gives individual values which are dependent
on the light quantification of the cormesponding band. Mep-
surements are expressed as arbitrary units, The results were
normalized for B-actin. The numerical data obiained from Wess-
ern blotting were statistically analyzed using Student’s test
with Prism 4 program ( GraphPad Software, San Diego). Differ-
ences were considered statistically significant with the following
pevalues: ‘p<0.03 and ~ p<001.

Histological lesions were characterized by newron loss, astro-
cytic glhiosis. spongiform degeneration and puncte Prifres
deposition (Fig. 1). Positive western blots were recognized by
the presence of strongly immunoreactive Prres hands appear-
ing as smears of 28-36kDa (Fig. 2).

Asseenin Table |, only one mouse showed focal histological
changes and PrPres accumulation as revealed by immunohisto-
chemistry, nol accompanied by apparent neurobogical deficits.
Westem blot for PrPres was negative in this case and in the
remmaining cases at 210dpi. In contrast, all the animals had clini-
cal symiptoms, nevropatholagical lesions, PrPres deposition and
positive western blots 10 PrPres at 270 dpi.

Western blots to mGluR 1 disclosed one band of 142kDa in
control and inoculated mice, The density of the band was not
modified ar different dpi up 1o 270 days (Fig. 3),

Yet. reduced PLCRI. recognized as single band of 130kDa in
wiestern blots, was found a 270 dpi{Fjg.-le:llh]s WIS IO

Fig. 1. Histological secti staned with haematoxy len and eosin (upper paned) and Frires immunohistochenmisiry (mmer panel) in infected mice at 210 and 2704kys
post-imjoction | BSE210 and BSEXT0dp, respectively i compared with age-matchid contrls 2 270 dpl. Newron boss, astrocytie gliosis and spongifom deposition s
scen) ot 270 dpi. Punctate Prfres immsunorcactivity is abaniant in BSE-infectad bovine Pri? imnsgenic mice an 270dpi. Mikd positive stnining is abso observed in one

ot b i, Cerebrl cones, paraffin sections, har= [0 um
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210 dpi

BSE Cantrols

28 kDa

36 kDa
t—- —
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270 dpi

BSE Controls

Frg. 2. Western blots 10 Prifres in BSE-infected bovine Frif immsgenic mice ot 200 and 270 dpa and comesponding age-maiched controls. Positive banis anc observad

i the Tour mace a1 2T0dpi

panied by reduced nPKCS expression levels, characterized as
unigue band of 83 KDa, an the same time post-infection (Fig. 31,

These abnomualities are selective 1o cenain proteins, and
probably not dependent on mere neuron loss, s coubd be sug-
gested in case of generalized redoction levels of all the proteins
amalyzed.

Although no functional studies have been carried oul in this
series, several implications may be inferred from the present
results. Decreased expression levels of PLOB 1 may reduce eyto-
plasmic caleium (Ca™ ) concentrations and DAG levels. ¢cPKCa
requires DAG and calem for sctivation, whereas nBPKCS is sen-
sitive only 1o DAG | 10.11.13.14]. Since DAG must be provided

mGIuR,. BSE-infected bovine-PrP mice

Conlrols &0 dpi

150 dpi

for PRCS phosphorylation [13], it is feasible that the reduced
levels of PKCS in CID may be related 10 decreased PLCBI
expression levels amd the concomitantly low DAG production
nite.

Together, the present findings demonstrate for the first time
impsirment of the mGluRIPLCBIPRCS pathway signaling
with disease-progression in o munne model of BSE. Abnormal
neurciransmilter receplor signaling is coincidental with Prifres
deposition, histological changes and abnormal clinical score,
This hservation may help 1o increase understanding about the
abnormal sysaptic function in prion diseases i relation with PrP
deposition and with clinical impairment.

210 dpi 270 dpi

TGHR, o = - - ——— == — W2I0s

1 2 3 4 1 & 3% 4
(F. 1
e |
e |
m |
e |

Lo

I 3 1 2311 3 14

Lt --EH- BEE1SDES BMENDas B3 ITIde

Fig. & Mo medifications in ihe expressicn levels of mGlubl ] are seen in BSE-inlected bosine-Pri' tmmsgemc mace {BaPrP-Tgl10) ab &0, 150, 210 and 270 davs
- brnocalation (i ) compared with costrode. B-Actin is ised s contid of protein lioding. Mumbers b the graph are arhitrary amits
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PLCR,: BSE-infected bovine-PrP mice

Controls 60 dpi

150 dpi

119

210 dpi 270 dpi

PLC&,—-‘——....-...__-.__..._.......__}—ﬁul(oa

B-Edin—”—--- — o ———— N ——— N —— — }» 45KDa

1 2 3 a4 1 2 3 4

25
2
15
1
0§

0+

Controls BSE 60 dpi

1

2

31 23 12 3 4

BSE 150dpi  BSE 210dpi  BSE 270 dpi

Fig. 4. PLCBI expression levels in BSE-infected bovine-PrP transgenic mice (BoPrPTgl10) at 60, 150, 210 and 270 days post-inoculation (dpi) compared with
controls. Significant differences between infected mice and controls are seen at 270 dpi. Numbers in the graph are arbitrary units. Data are mean £ S.D. Student’s

t-test, p<0.05.
nPKC4: BSE-infected bovine-PrP mice

Controls 60 dpi

150 dpi

210 dpi 270 dpi

nPKC&—»‘----—---------—.——-’»85kDa

ﬁ'ami"_.|“---—-_— —— . ——— . ——— }—45kDa

1T 2 3 4 12 3 4

08

04

02

2

31 2 3 1 2 3 4

Controls BSE60dpi BSE 150dpi BSE210dpi BSE 270 dpi

Fig. 5. PKC3 expression levels in BSE-infected bovine-PiP transgenic mice (BoPrPTgl10) at 60, 150, 210 and 270 days post-inoculation (dpi) compared with
controls. Significant differences between infected mice and controls are seen at 270 dpi. Numbers in the graph are arbitrary units. Data are mean = S.D. Student’s

t-test, p<0.03.
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5.5- Expression of transcription factors CREB and c-Fos in the brains
of terminal Creutzfeldt-Jakob disease cases

A. Rodriguez, I. Ferrer

Neuroscience letters 2007 (en prensa)

Los niveles de expresién y localizacion de los factores de
transcripcién CREB1, CREB2 y c-Fos, asi como los niveles de las MAPKs/ERK
(ERK-1y ERK-2) y p38, han sido examinados en el cerebro (corteza frontal)
de once casos con ECJ y en cinco muestras control. Se han observado
niveles de expresiéon preservados de ERK-1-P, ERK-2-P y p38-P.
Paralelamente, se han encontrado niveles reducidos de CREB, CREB-P, c-Fos
y c-Fos-P por SDS-PAGE y WB y una disminucion en el ndmero de nicleos
reactivos, tal y como se ve por inmunohistoquimica. Estas observaciones
indican una disiminucion de las respuestas mediadas por CREB y c-Fos, en
contraste con una preservacion de las kinasas, lo cual favorece la muerte
celular en estadios terminales de ECJ.
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Expression of transcription factors CREB and c-Fos in the brains
of terminal Creutzfeldt-Jakob disease cases
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Expression levels and bocalization of mmsenption fuctors cAMP response element binding protein (CREB, and CREB,) uiel o-Fos, as well as
Feviels of ap-stream mitogen-activated protein kKinasestextracellular signal-regulanted Kinases (ERE-1 and ERK-23 and p38 Kinose, were eximined
1 e brains ( frontal contex) of eleven coses with Crewteleldi-Jakob disense (CID) and five oge-mateled controls, Preserved expression levels
of ERK-1-F. ERK-2-F npd p38-P' were observed in CID. However, significamly reduced levels, ns revealed by gel electrophoresis and Westerm
bloming, and redoced numbers of immunoreactive nucle, as seen by immunohistochemistry, (0 CREB, CREB-F, ¢-Fos and ¢-Fos-P were found
i CI0 when compared wilh controls. These observations pomt to exhausted CREB and c-Fos broin responses. in spife of preserved up-stream

signaling kinases, thus favoring cell death in wrminal sages of CILL,
@ 2007 Ebevier Inelund Lud. All rights reserved,

Kevwonds: Creutefeklt-Takob, Migegen sctivated kinase, p3&; CREB,; ¢-Fos Cell death

Transmissible spongiform encephalopathies or prion diseases
are o group of neurodegzenerative diseases which, acconding
to the “protem oaly" hypothesis, are caused by the presence
of an infedious protein called prion [3,17]. These mclude
bovine spengiform encephalopathy and scrapie in animals, and
Creutefeldt-Yakeb disease (CI0), fatad familiad meommia, ki
and Gerstmann-Strafissler-Scheinker disense in humans, Prion
diseases are charactenzed pathologically by neuronal loss, astro-
cviic gliosis and microgliosis, spongiform hian ge and abnormial
prion protein (Prf) aggregation and deposition [2.11]. CID
ecctirs as an inhenited, sporadic or infectious disease, with the
sporadic Torm being the most frequent 1ype, accoupting for
about 855 of cuses, The abnormal prien protein, also called
PP, is an abnormally folded isoform of the cellular prion pro-
tem Pl which s an anchored cell membrane glycoprolem
widely expressed but enriched in the central nervous sysiem.
Constilutive PrPT has an o-helical streture, while pratholig-
col PrP™ hos o B-sheet structure and i resistant (o oot
K digestion, A cardinal point m prion diseases 15 the ability of
PrP™ 1o induce conformational chamnges 1o PrPE thus leading 1o

¥ Corvesponding outhor. Tel © +34 83 S033308: fax: +34 0F 2607505
Evimull aulotreys: BORZ i dhcomboes (1. Ferrer)

O Vg = s (ot i © 2007 Elaevier Drelanad Lid. Al dghis reserved
dols 100 1006 neiadet N7 0404S

the propagation of the pathogenic conformulion of the prolein
[317]. Cell dew in prion diseases appears 0 be mediated by
necrosis and apoptosis (7], yed the volvement of up-streum
pathways which trgger the collapse of nerve cells remains
unclear.

Dhstinct mitogen-activated profein kinases (MAPKs) regu-
lane diverse cellular functions through the activiition of signal
respansive transcription factors which. in tum, modulate gene
expression. The MAPE family includes three well-characterined
subfamilies which hecome active by phosphorvlaton: extra-
cellular signal-regulated kinases (ERK-1 and ERK-2), ¢-Jun
Neterminal Kinases (JNKs) and p38 [15], The cAMP response
element binding protein fumily includes CREB) and CREB2:
phosphorylation of CREB @ Serl 33 facilitates its intéraction
with the 265-kDa CREB-binding protem (CBP) and activates
the basal transcription comples. CREB can be also activated
by various signaling pathways including MAPKs [22]. CRER
s widely expressed m numerous tssoes but it plays o lurgely
regulatory mle in the nervous system, where i is believed
1o promode newronal survival, precursor prohiferation, neunte
outgrowih and neuronal differentiation in certaim nermmal pop-
ulations. c-Fos encodes a 62kDa nuelear phospho-peotein that
i= rapidly induced by o vanery of agents, and it functions as a
ranscrptional regulator for several genes [ 14).

trmicription fackais CRER and c.Foa inthe bosind of terninal |
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The involvement of CREB and c-Fos in human degenerative
diseases is little understood. Total CREB levels are unchanged
but phosphorylation of CREB is decreased in Alzheimer dis-
ease (AD) [23]. c-Fos immunoreactivity is apparently increased
in certain areas of the hippocampus in patients with AD [12,13].
Increased c-Fos expression has been associated with $-amyloid-
induced toxicity in a mouse hippocampal cell line [9]. Yet these
observations have not been replicated in a transgenic model of
AD [6]. Recent immunohistochemical studies have described
abnormal expression of transcription factors in PiD [15]. Since
increased CREB-P and c-Fos was observed in the nuclei of
neurons in vulnerable regions (frontal cortex) and in resistant
regions (dentate gyrus) in PiD, it was suggested that increased
expression of transcription factors is only barely a determining
factor in cell death [15].

The present study examines the expression levels and cel-
lular localization of constitutive and phosphorylated ERKs and
p38, and transcription factors CREB and c-Fos, and their active
phosphorylated forms in CJD frontal cortex, in an attempt to
gain understanding of the implication of these factors in cell
death signaling in prion diseases.

The brains of 11 patients with sporadic CJD and 5 age-
matched controls were obtained from 3 to 8 h after death and
were immediately prepared for morphological and biochemi-
cal studies. The main clinical characteristics are summarized in
Table 1. Criteria for the neuropathological diagnosis of CID used
in the present series are those currently accepted [2.11]. Molec-
ular and phenotypic classification is found elsewhere [2]. For
biochemical studies, samples of the frontal cortex (area 8) were
frozen in liquid nitrogen and stored at —80 °C until use. Spe-
cific immunohistochemical studies were carried out in sections
fixed in 4% paraformaldehyde in phosphate buffer for 24 h, cry-
oprotected and frozen. Neuron loss, spongiform degeneration,
astrocytic gliosis and microgliosis involving the cerebral neo-
cortex, striatum and cerebellum were observed in every case.
Synaptic-like PrPres deposits were found in the cerebral cor-

tex and striatum in every case. In addition, PrPres plaques were
common in the two VV2 cases (cases 5 and 8). For Western
blot studies, about 0.1 g of frontal cortex was homogenized in a
glass tissue grinder in 10 volumes (w/v) of cold buffer containing
PBS, 0.5%, NP-40, 0.5% deoxycholic acid sodium salt, 0.1mM
phenylmethylsufonyl fluoride, 5 pg/ml aprotinin, 10 p.g/ml leu-
peptin, 5 pg/ml pepstatin and 1 mM sodium orthovanadate, pH
7.5. After centrifugation at 2000 x g (Eppendorf) for 5 min, pro-
tein concentration of total homogenate was determined with
the BCA Protein Assay Kit (Pierce). Thirty microgram of pro-
tein was mixed with loading buffer containing 0.125M Tris
(pH 6.8), 20% glycerol, 10% pB-mercaptoethanol. 4% SDS
and 0.002% bromophenol blue, and heated at 95°C for 5 min.
Sodium  dodecylsulphatepolyacrylamide gel electrophoresis
(10% SDS-PAGE) was carried out using a miniprotean system
(Bio-Rad) with molecular weight standards (Bio-Rad). Proteins
were then transferred to nitrocellulose membranes using an
electrophoretic transfer system (Semi-dry, Bio-Rad). The mem-
branes were washed with TTBS containing 10mM Tris—HCI
pH 7.4, 140 mM NaCl and 0.1% Tween-20. Nonspecific block-
ing was carried out by incubating the membranes in TTBS
containing 5% skimmed milk for 30 min. Membranes were incu-
bated with one of the primary antibodies at 4°C overnight.
The polyclonal rabbit anti-phospho-p38Thr 1 80/Tyr 182 (p38-P)
(Calbiochem) was used at a dilution of 1:500; the polyclonal
rabbit anti-MAPK/ERKThr202/Tyr204 (ERK-1-P and ERK-
2-P) (Calbiochem) was used at a dilution of 1:1000; the
anti-CREB; and anti-CREB; antibodies (Santa Cruz Biotech)
were used at a dilution of 1:500; the rabbit polyclonal anti-
phospho-CREBSer133 (CREB-P, which recognizes CREB,-P)
(Cell signaling) was used at a dilution of 1:500; the rabbit
polyclonal anti-c-Fos (4) antibody (Santa Cruz Biotech) was
used at a dilution of 1:500. After rinsing, the membranes were
incubated with the secondary antibody (Dako) at a dilution of
1:1000 for 1 h at room temperature. The membranes were then
washed and developed with the chemiluminescence ECL system

Table 1

Main clinical characteristics of CJD and control cases in the present series

Case number Age Gender Codon 129 14-3-3 EEG First symptom Survival, in months PrP type
CID1 60 M MM + + Dementia 3 1
D2 60 F MM + + Dementia 6 1
CID3 55 M MM + + Ataxia 3 1
CID4 4 M ? + + Dementia 5 1
CID5 66 M Vv + Rare Ataxia 4 2
ClD6 53 F MM + + Dementia 2 1
D7 83 F MV + + Dementia 14 1
CIDE 71 M vV + 0 Ataxia 3 2
CID9 T0 F MM + + Dementia 3 1
CID10 59 M MM ? + Dementia 8 1
CIb 11 60 M MM + - Ataxia 8 2
Cl 62 M

2 72 F

C3 73 M

C4 58 F

C5 68 M

F: female; M: male; EEG: typical generalized triphasic pseudo-periodic complexes. M: methionine; V: valine; PrP type: PrP™ type 1: lower band of non-glycosylated

PrP™* of 21 kDa; type 2: lower band of non-glycosylated PtP™ of 19 kDa.
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A Radvignes. I Feerer ! Newroscherce Leiter xoe 3007 ) vo-ger a

{Amershom ) followed by exposure of the membranes o aom-
diographic films at 4 “C. The moncelonal anti-B-actin antibody
(Signa), ot a dilation of 1:5000, was used as a control of protein
loading.

Protein expression levels were determined by densitometry of
the bands using the Total Luborutory v201 soliware application,
This software detects the hands obtamed in Westem blots and
gives individual values which are dependent on tee ight quantifi-

cution of the corresponding band. Measurements ane expressed
as arbitrary nimits, The results were pormalized for B-acting The
numerical data ebtained from CID and the comesponding con-
trals wiere statistical lv analyzed vsing STATGRAPHICS plus 5.0
software from ANOVA and the LSD statistical tests. Asterisks
mdicate the [ollowing p-vuluwes: (%) p<0.05 (95% confidence
level b4 ** ) < 001 (999% confidence levell; amd (*=*) < (L0010
(U0.0% confidence lavel),
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Fig. 1. Westem hlote (o mitogen-sclivassd proleis inases | MAPE ) and transeriion facioms CRER and c-Fo in the frontal cortex (aiea 81 of |1 cmsed { 1=1 1) with
Crestefeldi-dakob disease (CI) and & {1=5) age-matched comteals, De i analyss v el foe fleoctim, Numbers b8 graphs vepaesent sbatrary unsts.

(4] WB w phospha-MAPK/ERE (ERK-) shews & doubli band of 4+ kDt and 42 kD consbetent with ERK1-P and ERK-2-P, nespectively. () WH 1o phospho-p3s
T, W shpnificam differences in ihe expression levels of MAPEERE-F and p38-1 an fund bevween CI cases aend controls. (0 WH 10 CRER, shows a baml
of 43 LD (1) WE w CRED; shows a bhawd of 38 KDa. (T WI 1o plaospho-CREB (CREB-Fi shows a bawd of 43 kDa cormespondimg wr phosptondaied CRED,,
Threie & 4 vagnifican decnsse (p <005 in the expression kvels of CRER,, CREB; aed CREB-F in disised braing wben companed wilk coptnols, iF) W o e-Fox
shinws & hand of 62 k. A sipriscant docrense (000 |8 e expression levels of o-Fos (5 observed in CID when eompared with compols. (G) WH 1o e-Fos-?
i o handd o nhom 08 kDo A sdgnificam decnease (e ik ) m the levels al o-Fos-F is fousd (s CI when compared with controds.
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Previous to the sty of control and diseased brains, adds-
tional samples of the frontal cortex from one control individual
were ohtamed at 3 post-moriem and immediately Troren, or
stored at 4 °C for 3, 6, 24 and A8 b, and then frozeén 1o mimic
variahle postmortem delay in ssue processing and its effect on
protein preservation. Westem blotting, using all the mentioned
antibodses, disclosed no diffenences i the expression levels of
samples of 3, 6 amd 90 storage, AN control and CID brains in
the present stidy sere within this rmnge of post-moriem delay.

Densitometnc studies of Weslern blots revealed no modif-
cations 10 the expression kevels of ERE-1-P and ERK-2-P, and
(8- P in CID when compared with age-matched controls (. 1A
and BY In contrast, redweed expression levels of wlal CREB,
ip <0005 aned CREB; (p < 0005} were observed i CI0 (Fag. 1C
and D). CREB-P wis also redneed (p <005 b in diseised bruans
(Fig. 1E). ¢-Fos Bevels were sipnificanty reduced {p<0.011in
CID when compared with controls (Fig. 1F)., Finally, ¢-Fos-P
levels were significantly reduced (p<0.01) in diseased brain
when comgured with controls (Fig, 1G),

For immunohistochemical studies, paraformaldehyde-fixed,
cryoprotected sections of the fromtal corlex were processed
free-Moating. The sections, 40p thick, were incubated with
2% hydrogen peroxide and 10% methanel for 30 min al room
temperature, followed by 5% nomal serum for 2h, and then
incubated ovemight with ere of the primary antibodies, The
polyctonal rabbit anti-CRER) antibody (Santa Cruz Biotech)
wis used oo dilution of 1:100: the rabbit polyelonal anti-
CREB-P*"" (Cell Signaling) was used at u dilution of 1:50;
the eabbit polvelonal anti-c-Fos (4) {Santa Cruz Riotech) was
used at o difusion of 1:1K), the anti-c-Fos ( AB2) antibody raised
agiinst the amino acids 4-17 of ¢-Fos (Oneogene, Calbiochem)
at  dilution of 1:500, and the mouse anti-c-Fos-PS*74, which
only recognizes c-Fos-P (Calbiochem), was wsed al o dilution
of 12100, After washing. the sections were processed with the
Iabelled streprovidin-bioiin method (Dako LSAB + kir, Duka)
fallenwing the dnstructions of the supplies. The peroxidase rede-
tion was visualized as a dark blus precipitate with NHyNisO,
(0.5 MY in phosphate buffer (0.1 M), (M35 diaminobenzidine,
NHLC1 und (0I5 hydrogen peroxadie. Some seclions were
staingdl without the primary antibody o mile ool non-speciiic
smmunereactivity. Mo immunoneasetivity was found in sections
incubated with secombary antibody alone,

All these antibodies decorated the mucked of selected cells
contral and diseased cases (Fig. 2). Inconsonnnce with Wesiern
bl observations, wummohstochermsiry revealed decreased
munbers of cells with puclear CREB) smmunoreactvity m CID
wiheen compared with the control cases(Fig, 3A and B, Similarly,
the mumber of CREB-P-ammunoreactive pucler was markedly
reduced in CJD (Fig, 3C and D)

Devreased numbers of e-Fos-ammunoreactive nucler was
seen in CID when compared with controls (Fig. 3E amd F), The
samie restilts were ebserved with the two different anlibodies
used. Finally, devrensed numbers of ¢-Fos-P-immunoreactive
niieled were found i CI0 when compared with controbs { Fig. 30
and Hi.

In summary, the present combined biochemical and immamo-
histochemical study shows decreased CREB, CREB, CREB-F.

Fig 2. lmmunohisiochemisery v CRED (Sana Crae) (AL CRED-P (Cell Sig-
naling ) (), c-Fost AR, Cnoogene, Calbecos hew) i) and o-Fos- PACallioclem)
(13 dn the frontal corex danca 8) i comtrol hrale, lmsmoneacty iy (o e
antibadics is remiricied vo the nuelel All thesse anviadies decore ihe nucle
Crymstat sections processed free- (kaating withoe counterstainieg. Har=25 0

c-Fos and ¢-Fos-P in the fronial coriex of CID cases at iermi-
nal stages of e disease, This is not a mere reflection of cell
loss, s kimases involved in phosphorvlation of these factors ane
preserved, Therefore, reduced expression of CREB-P is not the
restilt of impaived upstream active kinases (Le, ERK1-P. ERK-
2P and p-38-P), but rather the consequence of reduced CRER
consimive levels.

The Nunctional meaning of ese changes can be fearned from
ahservations of similar modibcations in experimental models,
CREB-P is associated with cell survival in resistant regions of
the hippocampus after hypoxic insult [20], whereas contin-
ous decrense of CRER ix seen tn populations that die following
axotomy [1]. Similarly, CREB is reduced in cells commitied
i chie uf the time that CREB-P 1 mereased m survivang cells
mn two different models of excitotoxicly followng systemc
ke sered axmmnistration o adull rds (4], Simlar results have
been observed [ollowing focal cerebral ischemia [5]. A crucial
point ere i the observation Uit adenoviral expression of CREB
prisects newrons from apoplotic and excitotoic stress [8],

The rode of ¢-Fos in cell death und cell survival is not clear,
i that different paradiams point o one or the other of these
opposite moles, Strong und muintained c-Fos expression may be
o with cell deuth [20]. Yet this is probably pot us sim-
ple in complex settings | 10], Previous c-Fos mRNA and protein
studies have shown variable gradients of induction and expres-
siom of ¢-Fos following excitotoxic or ischemic damage. ¢-Fos
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Fig. 3. lmenunolsisiechemisiey w CREB Santn Crueh (A, B, CREB-P{Cell Signnlingh(C, D, ¢-Fos (ABL; Omeosgpene, Calbbochem) (B, Fi ond o-Fos-P | Calbdochem)
{0, Hiyim the rontal corten (aren $1 of €10 (B, 0 F, H) sl apensaiched controbs (A, ©, E, 6), CREB, CREB-P, c-Fon and c-Fun-F mmmsanorcaciivity is kealimd im
e il of selected celbs. Decressed mumbers of CREB-, CREB-P-, ¢-Fus and o-Fo P immmmoeeactive oncer are obserand im CID whes vompared with confrols.

Ciryostad wectivan processal Troe-foating withosd counlerstaizng. Rars 25y

i expressed in pewrons destined 1o survive in these paradigms
[16,19]. Based on these findings, reduced c-Fos expression in
CI0 i consistent with c-Fos exhausted responses in advanced
stages of CID.

Previous immunohistochemical studies in the brains of
serupic-mnleeted mice have shown imcrewsed o-Fos m neunons

and astrocytes [24), This appears 1o be 2 consistent find-
ing: similar resolts were obtained with four different mice
sirins, Since there 18 no indication of the disease stage in
infected mice, we cannol ascertain whether the animals were
examined al middle or terminal stages of e diserse. Yot main-
faenied ¢-Fos expression in scrapse-mfected moce leads Lo the
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assumption that positive cells are eventually committed to die
[24].

Taken together, the present findings are consistent with the
failure of CREB and c-Fos signaling pathways, in spite of the
preservation of up-stream signaling kinase pathways, to main-
tain neuron survival in the cerebral cortex in terminal stages of
CID. Since these findings do not occur in the cerebral cortex
in terminal stages of other degenerative diseases of the central
nervous system such as Alzheimer’s disease or Pick’s disease
[6,15] in tissue samples processed in the same way, it may be
concluded that CREB and c-Fos exhaustion is a characteristic
feature of terminal CID.
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