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Little is known about the pathogenetic basis of
characteristic symptoms in transmissible spongi-
form encephalopathies (TSEs) such as myoclonus
and characteristic EEG hyperactivity. We investigat-
ed the GABAergic system and its subpopulations in
mice inoculated with experimental scrapie (ME7,
RML, 22A strains) and Creutzfeldt-Jakob disease
(CJD; Fujisaki strain), to study damage to inhibitory
neurons. Since recent studies have shown electro-
physiological changes in prion protein (PrP) knock-
out mice, we also studied mice lacking or overex-
pressing the PrP gene. Antibodies against glutamic
acid decarboxylase (GAD), parvalbumin (PV), cal-
bindin (CB), and calretinin (CR) were used to stain
GABAergic neurons, and isolectin-B 4 to stain peri-
neuronal nets around PV+ neurons. In scrapie infect-
ed mice, cortical PV+ neurons were severely
reduced while CB+ and CR+ neurons were well pre-
served. In CJD inoculated mice, loss of PV+ neurons
was severe and occurred very early after inocula-
tion. PrP -/- and tg20 mice showed normal appearance
of PV, CB, CR, GAD+ neurons and their neuropil, and
of isolectin-B 4+ perineuronal nets. The early, severe
and selective loss of cortical PV+ neurons in experi-
mental scrapie and CJD suggest selective loss of
PV+ GABAergic neurons as important event during
disease development, possibly as one basis of exci-
tatory symptoms in TSEs.

Introduction
Transmissible spongiform encephalopathies (TSEs)

or prion diseases are infectious, inherited, sporadic or
iatrogenic neurodegenerative disorders [for a review see
(11, 25)]. Human TSEs include Creutzfeldt-Jakob dis-
ease (CJD) (3), Gerstmann-Sträussler-Scheinker disease
(22), kuru (23) and fatal familial insomnia (19). Animal
prion diseases include most notably scrapie and bovine
spongiform encephalopathy or “mad cow” disease (35).
Spongiform change, astrogliosis and neuronal loss are
the classical neuropathological triad of tissue lesioning
in TSEs (3); deposition of an abnormal isoform, the
scrapie isoform (PrPSc), of the host-encoded glycopro-
tein PrPc in the CNS is another hallmark (34). The infec-
tious agent of TSEs, frequently called prion, seems to
differ from both virioids and viruses (31). The biologi-
cal basis of disease manifestation is yet unknown; pos-
sibilities include loss of functionally relevant cellular
prion protein (PrPc) or neurotoxicity of accumulated
PrPSc. Despite the obvious importance of PrPSc in prion
disease, the normal cellular function of PrPc remains
unknown. Mice devoid of PrPc (PrP-/-) appeared normal
and showed no detectable neuroanatomical changes (4).
However, later studies showed subtle physiological,
morphological and behavioral abnormalities (9, 33).

Little is known about the pathogenetic basis of char-
acteristic symptoms in TSEs such as myoclonus and the
characteristic EEG pattern. Recent studies showed aber-
rant neuropeptide Y (NPY) mRNA induction (12) and a
decrease of NPY Y2 receptor binding sites in the hip-
pocampus of scrapie infected mice (13). Those results
suggested that loss of NPY receptor binding is a candi-
date factor to cause clinical symptoms in scrapie (13).
However, the symptoms might be explained by loss of
neuronal inhibition; preferential alteration of the
inhibitory GABAergic system in TSEs was demonstrat-
ed (14-16, 20, 32). Parvalbumin (PV), calbindin-D28K
(CB) and calretinin (CR) are calcium binding proteins
which demarcate not-overlapping subpopulations of
GABAergic inhibitory neurons in the cortex (1, 6, 18).
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Recent studies showed diffuse and severe loss of PV
positive (+) neurons in CJD (16, 21) and topographical
correlation of tissue lesioning in CJD with the density of
PV+ neurons in controls (21). Thus it was suggested that
loss of PV+ neurons might form the pathogenetic basis
for typical symptoms in CJD. However, some questions
remain open: Is there real loss of PV+ neurons, or do the
observations reflect changed immunocharacteristics of
PV e.g. by interaction with another protein or posttrans-
lational modifications? If this selective neuronal loss is
real, at which stage of the disease starts the demise of
these neurons?

Electrophysiological changes in the CA1 region of
the hippocampus in PrP-/- mice suggested a function of
PrPC for forming and maintaining of GABAergic
synapses (9); thus neurodegeneration in prion disease
might be, at least in part, due to loss of function of PrPc.
In contrast, later investigations (24, 29) support the view
that synaptic transmission is unimpaired in PrP-/- mice.
These findings were neither confirmed nor disproved by
morphological studies. Nevertheless, late loss of
Purkinje cells and GABAergic synapses in the cerebel-
lum in another line of PrP-/- mice suggested that postsy-
naptic PrPc might be necessary for inhibitory synapses
to be fully functional, and for the long-time survival of
Purkinje cells (33).

The aim of this study is to investigate in experimen-
tal TSEs whether there is loss of PV+ neurons and when
it occurs during disease development. Moreover, we
investigated mice overexpressing or lacking PrP, in
order to check for changes in the morphology and den-
sity of the GABAergic system under the influence of
PrP.

Materials and Methods
Twelve diseased mice which had been intracerebral-

ly inoculated with scrapie (five ME7, two RML, five
22A strains) (5) and 8 age-matched controls were inves-
tigated. All scrapie mice and corresponding controls
were C57BL/6 except two 22A were VM-mice. Nine
mice carrying multiple copies of the PrP gene (tg20)
(17), 9 PrP-/- mice (4) and 9 age-matched controls from
two age groups, 38-39 weeks and 52 weeks, were ana-
lyzed. Every age group was composed by 4 or 5 ani-
mals. We also studied 25 NIH-Swiss mice inoculated
with the Fujisaki CJD strain from a series reported pre-
viously (28) and 3 controls. These Fujisaki CJD animals
were euthanized weekly starting at the second week post
intracerebral inoculation. At week 22 all remaining mice
were euthanized. This strain is characterized by an incu-
bation period in mice of approximately 16-18 weeks

post intracerebral inoculation. First clinical symptoms
occur at week 14 post inoculation. First pathology in
subcortical regions appears at week 10 post inoculation
and in the cortex at week 13. All mice brains were fixed
by immersion in formol and embedded in paraffin. The
CJD-inoculated mouse brains and the corresponding
control brains went through an intermediate step in con-
centrated formic acid before embedding in paraffin in
order to reduce infectivity. The Fujisaki mice were
divided into 5 groups: controls (3 mice), 2-4 weeks post
intracerebral inoculation (3 mice), 5-9 weeks post inoc-
ulation (5 mice), 10-13 weeks post inoculation (5 mice),
14-18 weeks post inoculation (6 mice) and six terminal-
ly diseased mice. Due to the fact that this material has
already been used for other studies, material for ILB4

staining was not available in 8 mice: 3, 13, 14, 17, 18
weeks post inoculation and three terminal stage brains,
respectively.

We visualized glutamic acid decarboxylase (GAD),
the GABA synthesizing enzyme, as a marker for the
whole GABAergic system (27), PV, CB, CR to demar-
cate GABAergic subpopulations (2), and isolectin-B4

(ILB 4 ) to decorate perineuronal nets around PV+ neu-
rons (7, 8). Sections for GAD and CR staining were cut
at 4mm, for PV and CB at 10mm. Monoclonal antibod-
ies against CB-D28K (CL-300, 1:200, Sigma, St.
Louis), and PV (PA-235, 1:5000, Sigma, St. Louis), and
polyclonal antibodies against CR (1:100, Chemicon,
Temecula, CA) and GAD (1:100, Chemicon, Temecula,
CA) were used. Sections for PV labeling were boiled 12
min. in Target Retrieval Solution (High pH) (Dako,
Glostrup, Denmark). We used the ChemMate™
Detection Kit as secondary system (Dako, Glostrup,
Denmark). Lectin staining (ILB4 -peroxidase labeled
from vicia villosa, 10mg/ml TBS, Sigma, St. Louis) was
performed on 4mm thick sections. All sections were
developed with diaminobenzidine. Hematoxylin coun-
terstaining was performed on all but PV, CR and CB
stained sections.

PV, GAD+ neurons and ILB4 + perineuronal nets
were quantified in the retrosplenial granular cortex
(=medial frontal cortex) of control, scrapie and CJD
mice in a diagnosis-blinded fashion by counting nucle-
ated cells (GAD), immunostained cell bodies (CB, PV)
or cells surrounded by positive perineuronal nets
(ILB 4+) in several fields (3-4) with a x60 objective (21).
The average cell number per field was entered into sta-
tistical evaluation. In control brains, usually a total of
about 37 (min=25; max=55) cells were seen in the fields
entering quantitative assessment. Due to the fact that in
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Figure 1. Glutamic acid decarboxylase (GAD) (A, B, C ), parvalbumin (PV) (D, E, F), isolectin-B4 (ILB4) perineuronal nets (PNN) (G,
H, I), calbindin (CB) (K, L, M ) and calretinin (CR) (N, O, P) immunostains of the cortex in a control (A, D, G, K, N ), scrapie (B, E,
H, L, O ) and PrP-/- mouse (C, F, I, M, P) brain. There is severe loss of PNN (H), GAD (B) and PV+ neurons and neuropil staining (E)
in the scrapie brain; CB+ and CR+ cells are well preserved (K, L, N, O ). The GABAergic system in PrP-/- mice appears normal (C, F,
I, M, P). PV, GAD, ILB4 micrographs were taken from the retrosplenial granular cortex, CB micrographs from the piriform cortex, CR
micrographs from the neocortical convexity. Original magnification PV, GAD, ILB4 and CB: x256; CR : x364 



the cortex calcium binding proteins occur in almost
entirely separate subpopulations of GABAergic neurons
(2), we focused on cortical GABAergic neurons. We
counted PV, GAD+ neurons and ILB4 + perineuronal
nets in the retrosplenial granular cortex, because almost
no CB and CR+ positive cells were present in this area.

The difference of densities of PV and GAD+ neurons
and ILB4 + perineuronal nets in experimental scrapie,
CJD and controls was tested by means of a two-tailed
unpaired t-test.

Results

Wild type, PrP-/- and tg20 mice. PV+ neurons were
present in all parts of the cerebral cortex, especially in
the retrosplenial granular cortex (Fig. 1) and as all cells
of the reticular thalamic nucleus. PV immunoreactive

neuropil was seen in the thalamic nuclei and all parts of
the hippocampus (Fig. 2). All Purkinje cells were posi-
tive for PV (Fig. 3). CB+ neurons and neuropil were
present in all parts of the neocortex (Fig. 1) and as
Purkinje cells (Fig. 3). The highest cortical density of
CB+ neurons was found in the piriform cortex (Fig. 2).
Additionally CB+ neuropil was present in the CA4-2
areas of the hippocampus and gyrus dentatus. There was
no CB immunoreactive neuropil in CA1 (Fig. 2). Almost
no CB+ neurons or neuropil were found in the retros-
plenial granular cortex (Fig. 2). CR+ neurons and neu-
ropil were restricted to the cortex, CA4 region of the
hippocampus, gyrus dentatus and several thalamic
nuclei but not reticular thalamic nucleus (Figs. 1 and 2).
Neurons surrounded by ILB4 + perineuronal nets had a
similar density and distribution as PV+ neurons. They
were present in all parts of the neocortex (especially in
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Figure 2. Upper left, PrPsc histoblot of a scrapie brain (from Fig.4, upper part, of ref. 5 with permission, copyright 1996 by Springer-
Verlag). Center and right column, PV, CB and CR immunostains of control and scrapie brains. The white arrowhead indicates the CA1
region of the hippocampus, the black arrowhead indicates the retrosplenial granular cortex. Note the striking similarity between the
distribution of PV immunoreactivity in the control brain and the PrPsc deposition in the scrapie brain.



the retrosplenial granular cortex) (Fig. 1), in the cere-
bellum (Purkinje cells) and reticular thalamic nucleus.
GAD+ neurons and their neuropil were present in all
parts of the neocortex (Fig. 1), in the cerebellum
(Purkinje cells) and reticular thalamic nucleus. PrP-/- and
tg20 mice showed normal distribution and morphology
of PV, CB, CR, GAD+ neurons, synaptic buttons and
neuropil, and ILB4 + perineuronal nets in cerebral cortex
(Fig. 1), thalamic nuclei and cerebellum. There was no
difference in the density, morphology and general
appearance of PV, CB, CR, GAD+ neurons and ILB4 +
perineuronal nets between two age groups: 38/39 weeks
and 52 week old wild type mice (data not shown).

Experimental scrapie. All scrapie brains showed a
statistically significant neuronal loss of PV, GAD+ neu-
rons and ILB4 + perineuronal nets. Cortical PV+ neurons
were severely reduced (49.3%, p<0,001) (Figs. 1, 4),
while cerebellar and thalamic PV+ cells were well pre-
served (Fig 3). Cortical and thalamic PV+ neuropil was
almost completely lost (Fig. 2). Neurons surrounded by
ILB 4 + perineuronal nets also were reduced (51.9% in

the cortex, p<0,001) (Figs. 1, 4) in all investigated
regions, even in the reticular thalamic nucleus. In
regions with a high degree of pathologic changes, many
microglial cells showed ILB4 staining of the cytoplasm.
Cortical GAD+ neurons and neuropil were decreased
especially in regions with a high density of PV+ neurons
such as in retrosplenial granular cortex (Figs. 1, 4)
(50.6% loss in the cortex, p<0,001). Cerebellar GAD+
neurons and neuropil staining appeared normal. Loss of
PV+/GAD+ synaptic buttons and neuropil appeared to
be more severe than the loss of the corresponding neu-
ronal somata. The CB+ neurons and neuropil were well
preserved (Figs. 1 and 2). Purkinje cells in scrapie
showed more intense CB immunostaining in the cell
body and less intense in the neuropil (Fig. 3). CR+ neu-
rons and neuropil were also well preserved (Fig 1 and
2). We found that the distribution of PV (but not CB or
CR) in the normal mouse brain correlates well with the
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Figure 3. CB (A, C) and PV (B, D) immunostains of the cere-
bellar cortex in a scrapie (C, D) and control (A, B ) brain. In
Purkinje cells, both calcium binding proteins are present and
are not affected in scrapie. Original magnification: x256
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Figure 4. Graphic representation of the cortical (retrosplenial
granular cortex) density of GAD and PV+ neurons and ILB4+
perineuronal nets (PNN) in controls and scrapie-inoculated
mice. The columns depict the average numbers of GAD and
PV+ neurons and of ILB4+ PNN per field in controls and scrapie
(bar = SEM); for counting of GAD+ neurons and ILB4+ PNN, 4
mm thick sections were used, for PV+ neurons 10 mm thick
sections. There is severe loss of GAD, PV+ neurons and ILB4+
in scrapie (in all p<0,001).



distribution of PrPSc in the RML strain (Fig. 2) and
roughly with the distribution of PrPSc in the strain 22A.

Experimental CJD. Mice inoculated with the
Fujisaki CJD strain showed a similar pattern of neuronal
loss as scrapie inoculated brains. After weeks 5-8 post
intracerebral inoculation, PV+ neurons were significant-
ly decreased in the cerebral cortex (35%, p<0,03) (Figs.
5, 6). At the terminal stadium (after week 18), cortical
PV+ neurons were severely reduced (52.3%, p<0.001),
while the density and morphology of cerebellar and
thalamic PV+ neurons appeared normal. Loss of PV+
synaptic buttons and neuropil occurred earlier and was
more severe than the loss of PV+ neurons. After weeks
5-8 post intracerebral inoculation, ILB4 + perineuronal
nets were significantly decreased in the cerebral cortex
(59%, p<0,001) (Fig. 6). It seemed that decrease of the
density of ILB4 + perineuronal nets appeared earlier and
was more severe (82% at the end stage of the disease,
p<0,001) than loss of PV+ neurons (Fig. 6).
Pretreatment with formic acid did not seem to affect the
immunoreactivity for PV and the staining characteristics
for ILB4 . However, immunostaining for CB, CR, and
GAD was not consistently achieved.

Discussion
The initial report that PrP-/- mice are normal was con-

sistent with a pathogenetic model of accumulation of
neurotoxic PrPSc causing damage in prion disease.
Electrophysiological changes in PrP-/- mice, however,
suggested that neurodegeneration in prion disease might
be due, at least in part, to loss of function of PrPc in the
adult nervous system (9, 36). Nevertheless, later investi-
gations (24, 29) found unimpaired synaptic transmission
in PrP-/- mice. At the light microscopical level, we didn’t
find any morphological substrate supporting the hypoth-
esis that PrPc has a role in the formation and mainte-
nance of GABAergic synapses (36). Our results show
that overexpression or lack of PrPc does not alter the
morphology and general appearance of inhibitory
synapses and neurons; thus PrPc does not appear to be
essential for development or maintenance of
GABAergic neurons and synaptic buttons in different
brain regions.

Previous studies showed a decrease (-30%, at the
clinical stage of the disease) of GAD activity in scrapie-
infected hamsters (14, 15) and mice (10). This correlates
well with the results observed by us. However, another
group showed increased GABA-like immunoreactivity
(30) in scrapie hamsters. It is conceivable that such
increased GABA-like immunoreactivity reflects a com-
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Figure 5. PV immunostains of the retrosplenial granular cortex
in a control (A) and CJD brains at 4 (B), 6 (C), 11 (D), and 15
(E) weeks post intracerebral inoculation and at the terminal sta-
dium (F). There is severe and early loss of PV+ neurons in
experimental CJD. Original magnification: x256.
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Figure 6. Graphic representation of the cortical density of PV+
neurons and ILB4+ perineuronal nets (PNN) in controls and
CJD inoculated mice. The lines depict the average numbers of
PV+ neurons and ILB4+ PNN in controls and CJD mice (bar =
SEM). Note the severe and early loss of PV+ neurons and ILB4+
PNN in experimental CJD.



pensatory upregulation of GABA in surviving
GABAergic neurons.

Recent studies have shown severe neuronal loss (37),
early mRNA GFAP upregulation (13) and altered mem-
brane and synaptic properties of pyramidal neurons (26)
in the CA1 hippocampal region of scrapie mice. The
selective involvement of this distinct hippocampal
region becomes more interesting due to the fact that
CA1 is the only hippocampal region showing exclusive-
ly PV+ (but not CB or CR+) neuropil and synaptic but-
tons. The early loss of PV+ neuropil and synaptic but-
tons shown in our study may be compensated by inhibi-
tion from non-PV+ neurons in the regions CA2-4 and
gyrus dentatus. This might explain the selective vulner-
ability of CA1 in scrapie.

This report shows an early and selective loss of a dis-
tinct subpopulation of GABAergic neurons in experi-
mental scrapie and experimental CJD, as previously
shown for human CJD (16, 21). Loss of PV+ neuropil
and neurons appears very early (statistically significant
after week 5-8 post intracerebral inoculation) in incuba-
tion, weeks before the appearance of PrP deposition,
spongiform change, and clinical signs, and is thus the
first detectable neuropathologic change in scrapie. The
loss of PV+ neurons in experimental CJD is very simi-
lar to the loss observed in the scrapie-infected mice. The
decrease of a second marker for the PV subpopulation of
GABAergic neurons, ILB4 , and the loss of GAD+ neu-
rons (in a region with almost no other subpopulations of
GABAergic neurons) confirm the loss of this neuronal
subset, distinct from downregulation, interaction with
another protein, or posttranslational modification. The
loss of PV+ neuropil and synaptic buttons appeared ear-
lier than the loss of PV+ neurons, suggesting a periph-
eral lesion of these neurons as early event in disease.
Interestingly, PV+ neurons in the cerebellum (Purkinje
cells) and reticular thalamic nucleus are well preserved.
Apparently only cortical PV+ neurons are vulnerable in
TSEs. This suggests another factor modulating vulnera-
bility, e.g. protective coexpression of another calcium
binding protein (Purkinje cells contain also CB). Indeed,
CB+ and CR+ neurons (another subset of GABAergic
neurons) were well preserved, seemingly resistant to
damage.

While we found the demise of a subset of inhibitory
neurons to start early in preclinical disease, signs of
increased neuronal electrical activity are usually a late
hallmark of TSEs. This might argue against the signifi-
cance of our findings for bioelectrical manifestation.
However, the cortical EEG might undergo structural
modifications as long as inhibitory neurons degenerate.

An early neuronal loss might still be functionally com-
pensated, or signs of increased electrical activity might
finally manifest only after demise of additional neuronal
populations.

We conclude that the early, severe and selective loss
of cortical PV+ neurons in experimental TSEs and the
correlation between PrPSc deposition and distribution of
PV in the normal brain confirms an important role of
this neuronal subpopulation in the pathogenesis of prion
disease. However, it remains to be established why PV+
neurons are selectively vulnerable in TSEs.

Acknowledgments
Special thanks are due to Marco Celio, Fribourg,

Switzerland, for helpful suggestions, and Adriano
Aguzzi and Charles Weissmann, Zurich, Switzerland,
for making PrP knockout and tg20 mice available to us.
Mrs. H. Flicker and Ms. E. Schibich are kindly acknowl-
edged for excellent technical assistance. This work was
supported by a European Union Biomed-2 Shared Cost
Action “Molecular biology of prion diseases” (Project
Leader: J. Collinge, London) and is part of the European
Union Biomed-2 Concerted Action “Human transmissi-
ble spongiform encephalopathies (prion diseases): neu-
ropathology and phenotypic variation” (Project Leader:
H. Budka). We are grateful to George A. Carlson and
Springer-Verlag for permission to use their Fig.4, upper
part, of ref.5 as our Fig. 2, upper left; their figure was
originally slightly modified from Fig.2 E in Carlson GA
et al, Proc Natl Acad Sci USA 1994;91:5690-5694,
copyright (1994) National Academy of Sciences, USA.

References

1. Alcantara S, de-Lecea L, Del-Rio J, Ferrer I, Soriano E
(1996) Transient colocalization of parvalbumin and cal-
bindin D28k in the postnatal cerebral cortex: evidence for
a phenotypic shift in developing nonpyramidal neurons.
Eur. J. Neurosci. 8: 1329-39

2. Baimbridge KG, Celio MR, Rogers JH (1992) Calcium
binding proteins in the nervous system. Trends Neurosci,
15: 303-8

3. Budka H, Aguzzi A, Brown P, Brucher JM, Bugiani O,
Gullotta F, Haltia M, Hauw JJ, Ironside JW, Jellinger K,
Kretzschmar HA, Lantos PL, Masullo C, Schlote W,
Tateishi J, Weller RO (1995) Neuropathological diagnostic
criteria for Creutzfeldt-Jakob disease (CJD) and other
human spongiform encephalopathies (prion diseases).
Brain Pathol. 5: 459-466

4. Bueler H, Fischer M, Lang Y, Bluethmann H, Lipp HP,
DeArmond SJ, Prusiner SB, Aguet M, Weissmann C
(1992) Normal development and behaviour of mice lack-
ing the neuronal cell-surface PrP protein. Nature 356:
577-82

M. Guentchev et al: Loss of a Subpopulation of GABAergic Inhibitory Neurons 621



5. Carlson GA (1996) Prion strains. Curr. Top. Microbiol.
Immunol. 207: 35-49

6. Celio MR (1986) Parvalbumin in most gamma-aminobu-
tyric acid-containing neurons of the rat cerebral cortex.
Science 231: 995-7

7. Celio MR (1993) Perineuronal nets of extracellular matrix
around parvalbumin-containing neurons of the hippocam-
pus. Hippocampus 3: 55-60

8. Celio MR, Blumcke I (1994) Perineuronal nets—a spe-
cialized form of extracellular matrix in the adult nervous
system. Brain Res. Brain Res. Rev. 19: 128-45

9. Collinge J, Whittington MA, KSidle KC, Smith CJ, Palmer
MS, Clarke AR, Jefferys JG (1994) Prion protein is nec-
essary for normal synaptic function. Nature 370: 295-7

10. Cross AJ, Kimberlin RH, Crow TJ, Johnson JA, Walker CA
(1985) Neurotransmitter metabolites, enzymes and
receptors in experimental scrapie. J. Neurol. Sci. 70: 231-
41

11. DeArmond SJ, Prusiner SB (1995) Etiology and patho-
genesis of prion diseases. Am. J. Pathol. 146: 785-811

12. Diez M, Koistinaho J, DeArmond SJ, Camerino AP, Groth
D, Caytano JC, Prusiner SB, Hokfelt T (1996) Aberrant
induction of neuropeptide Y mRNA in hippocampal CA3
pyramidal neurones in scrapie-infected mice. Neuroreport
7: 1887-92

13. Diez M, Koistinaho J, DeArmond SJ, Groth D, Prusiner
SB, Hokfelt T (1997) Marked decrease of neuropeptide Y
Y2 receptor binding sites in the hippocampus in murine
prion disease. Proc. Natl. Acad. Sci. USA 94: 13267-72

14. Durand-Gorde JM, Bert J, Nieoullon A (1984) Early
changes in tyrosine hydroxylase, glutamic acid decar-
boxylase and choline acetyltransferase golden hamster
striatum after intracerebral inculation of the nigrostriatal
system with scrapie agent (263K). Neurosc. Lett. 51: 37-
42

15. Durand-Gorde JM, Bert J, Nieoullon A (1985) Changes in
tyrosine hydroxylase, glutamic acid decarboxylase and
choline acetyltransferase after local microinoculation of
scrapie agent into the nigrostriatal system of the golden
hamster. Brain Res. 341: 243-51

16. Ferrer I, Casas R, Rivera R (1993) Parvalbumin-
immunoreactive cortical neurons in Creutzfeldt-Jakob dis-
ease. Ann. Neurol. 34: 864-6

17. Fischer M, Rulicke T, Raeber A, Seiler A, Moser M, Oesch
B, Brandner S, Aguzzi A, Weissmann C (1996) Prion pro-
tein (PrP) with amino-proximal deletions restoring sus-
ceptibility of PrP knockout mice to scrapie. EMBO J. 15:
1255-64

18. Fujimaru Y, Kosaka T (1996) The distribution of two calci-
um binding proteins, calbindin D-28K and parvalbumin, in
the entorhinal cortex of the adult mouse. Neurosci. Res.
24: 329-43

19. Gambetti P, Parchi P, Petersen RB, Chen SG, Lugaresi E
(1995) Fatal familial insomnia and familial Creutzfeldt-
Jakob disease: clinical, pathological and molecular fea-
tures. Brain Pathol. 5: 43-51

20. Gregoire N, Lebrun F, Fahn L, Salamon G, Nicoli J (1993)
A study of GABAergic system in Scrapie-infected ham-
sters after striatal microinoculation of the agent. Neurosci.
Lett. 163: 141-4

21. Guentchev M, Hainfellner H, Trabattoni G, Budka H
(1997) Distribution of parvalbumin immunoreactive neu-
rons in brain correlates with hippocampal and temporal
cortical pathology in Creutzfeldt-Jakob disease. J.
Neuropath. Exp. Neurol. 56: 1119-24

22. Hainfellner JA, Brantner-Inthaler S, Cervenakova L,
Brown P, Kitamoto T, Tateishi J, Diringer H, Liberski PP,
Regele H, Feucht M, Mayr N, Wessely P, Summer K,
Seitelberger F, Budka H (1995) The original Gerstmann-
Sträussler-Scheinker family of Austria: divergent clinico-
pathological phenotypes but constant PrP genotype.
Brain Pathol. 5: 201-211

23. Hainfellner JA, Liberski PP, Guiroy DC, Cervenakova L,
Brown P, Gajdusek DC, Budka H (1997) Pathology and
immunocytochemistry of a kuru brain. Brain Pathol. 5:
547-53

24. Herms JW, Kretzchmar HA, Titz S, Keller BU (1995)
Patch-clamp analysis of synaptic transmission to cerebel-
lar purkinje cells of prion protein knockout mice. Eur. J.
Neurosci. 7: 2508-12

25. Horwich AL, Weissman JS (1997) Deadly conformations:
protein misfolding in prion disease. Cell 89: 499-510

26. Johnston AR, Black C, Fraser J, MacLeod N (1997)
Scrapie infection alters the membrane and synaptic prop-
erties of mouse hippocampal CA1 pyramidal neurones. J.
Pysiology Lond. 500: 1-15

27. Kaufman DK, McGinnis JF, Krieger NR, Tobin A (1986)
Brain glutamate decarboxilase cloned in lambda gt-11:
fusion protein produces gamma-aminobutyric acid.
Science 232: 1138-40

28. Kordek R, Nerurkar VR, Liberski PP, Isaacson S,
Yanagihara R, Gajdusek DC (1996) Heightened expres-
sion of tumor necrosis factor alpha, interleukin 1 alpha,
and glial fibrillary acidic protein in experimental
Creutzfeldt-Jakob disease in mice. Proc. Natl. Acad. Sci.
USA 93: 9754-8

29. Lledo PM, Tremblay P, DeArmond SJ, Prusiner SB, Nicoll
RA (1996) Mice deficient for prion protein exhibit normal
neuronal excitability and synaptic transmission in the hip-
pocampus. Proc. Natl. Acad. Sci. USA 93: 2403-7

30. Lu P, Sturman JA, Bolton DC (1995) Altered GABA distri-
bution in hamster brain is an early molecular conse-
quence of infection by scrapie prions. Brain Res. 681:
235-41

31. Prusiner SB (1982) Novel proteinaceous infectious parti-
cles cause scrapie. Science 216: 136-44

32. Rubenstein R, Deng H, Race R, Ju W, Scalici C, Papini M,
Rubenstein A, Kascsak R, Carp R (1994) Scrapie strain
infection in vitro induces changes in neuronal cells. Mol.
Neurobiol. 8: 129-38

M. Guentchev et al: Loss of a Subpopulation of GABAergic Inhibitory Neurons622



33. Sakaguchi S, Katamine S, Nishida N, Moriuchi R,
Shigematsu K, Sugimoto T, Nakatani A, Kataoka Y,
Hautani T, Shirabe S, Okada H, Hasegawa S, Miyamoto T,
Noda T (1996) Loss of cerebellar Purkinje cells in aged
mice homozygous for a disrupted PrP gene. Nature 380:
528-31

34. Tateishi J, Kitamoto T (1995) Inherited prion diseases and
transmission to rodents. Brain Pathol. 5: 53-9

35. Wells GA, Wilesmith JW (1995) The neuropathology and
epidemiology of bovine spongiform encephalopathy. Brain
Pathol. 5: 91-103

36. Whittington MA, Sidle KC, Gowland I, Meads J, Hill AF,
Palmer MS, Jefferys JG, Collinge J (1995) Rescue of neu-
rophysiological phenotype seen in PrP null mice by trans-
gene encoding human prion protein. Nat. Genet. 9: 197-
201

37. Williams A, Lukassen PJ, Ritchie D, Bruce M (1997) PrP
deposition, microglial activation, and neuronal apoptosis
in murine scrapie. Exp. Neurol. 144: 433-8

M. Guentchev et al: Loss of a Subpopulation of GABAergic Inhibitory Neurons 623


