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Summary. Previous studies showed that the
histopathological changes found in the brains of scrapie-
infected animals included amyloid plaque formation,
vacuolation, gliosis and neuronal and neurite
degeneration. There were differences in the
histopathological findings as a function of the scrapie
strain-host combination. NADPH-diaphorase (NADPH-
d) has been shown to be a selective histochemical
marker for neurons containing nitric oxide (NQO)
synthase. Neuronal cell damage caused by NOS in brain
has been reported to be associated with many
neurodegenerative diseases. In this study, we used
NADPH-d histostaining to investigate changes in the
NOS system in brains of 139H- and 263K-infected
hamsters and compared the results to normal hamster
brain (NHB) injected animals. We observed that some of
the NADPH-d histostaining neurons in the cortex of
scrapie-infected hamsters appeared to be atrophic: the
neurons were smaller and had fewer neurites. The
NADPH-d histostaining intensity of neurons or
astrocytes in septum, thalamus, hypothalamus and
amygdala of 139H- and 263K-infected hamsters was
greater than in control hamsters. Astrocytes in the
thalamus, hypothalamus and lower part of the cortex
(layers 4 to 6) in 263K-infected hamsters were more
intensely stained for NADPH-d than in either 139H-
infected hamsters or controls. Our results suggest that
changes in NADPH-d system might play a role in the
diversity of scrapie induced neurodegenerative changes.
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Introduction

Nitric oxide (NO) is a neurotransmitter, but it also
has the potential to act as a toxic gas with free radical
properties. NO plays a crucial role in many
physiological events, including vasodilatation,
neurotransmission, platelet aggregation, and immune
activation. NO also plays a role in neurodegenerative
changes. NO is produced by nitric oxide synthase (NOS)
using L-arginine, NADPH and molecular oxygen. A
number of studies have reported that the neuronal
enzyme NADPH-d is NOS (Hope et al., 1991). This
enzyme is responsible for the calcium/calmodulin-
dependent formation of citrulline and NO from arginine.
Neuronal constitutive, or brain nitric oxide synthase
(nNOS, bNOS or NOS I) was found in brain and
peripheral nervous system (Sessa, 1994; Norman and
Cameron, 1996). Endothelial constitutive nitric oxide
synthase (eNOS or NOS IlI) exists in endothelial cells of
vessels (Sessa, 1994; Norman and Cameron, 1996).
These two isoforms require calcium calmodulin for
activation. Activated glial cells, macrophages,
hepatocytes, and neutrophils synthesize NO by an
inducible calcium-independent form of NOS (mac NOS,
iNOS or NOS 1I) (Knowles and Moncada, 1994; Sessa,
1994; Norman and Cameron, 1996). Recent studies have
implicated NO in several mechanisms related to
neuronal degeneration and synaptic plasticity. On the
other hand, neurons containing NADPH-d enzyme
selectively resist the toxic effects of excitatory amino
acids (Beal et al., 1986; Koh et al., 1986) and hypoxia
(Uemura et al., 1990). NADPH-d containing neurons
were also found to survive the degenerative processes of
Huntington’s (Ferrante et al., 1985) and Alzheimer’s
(Kowall and Beal, 1988) disease in select areas. In
Huntington’s disease, for example, up to 95% of striatal
neurons degenerate, while virtually all NADPH-d
containing striatal neurons survive.

Scrapie is the archetypal unconventional slow
infection disease, and is characterized by vacuolization,
gliosis, neuronal and neurite degeneration, and in some
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instances, amyloid plaque formation (DeArmond et al.,
1992). Recent studies demonstrated that the activity of
NOS is impaired in the brains of mice infected with
experimental scrapie as well as in scrapie-infected
neuroblastoma cells (ScN2a) (Ovadia et al., 1996;
Keshet et al., 1999). It has also been reported that NO
produced by iNOS causes damage to brain cells. NO
synthesized by iNOS in reactive astrocytes of ME7
scrapie-infected C57BL mice is reported to be a part of
the neurodegenerative mechanisms in scrapie infection
(Ju et al., 1998). In the current study, we used NADPH-d
histostaining to investigate changes in the NOS system
in brains of 139H and 263K scrapie-infected hamsters.
The results were compared with pathological findings in
these scrapie strain-host combinations.

Materials and methods

Female, weanling Syrian hamsters, strain
LVG/LAK, were obtained from Charles River Breeding
Farms (Wilmington, MA) and maintained in rooms in
which the temperature, humidity, and light cycle (12 h
on, 12 h off) were automatically controlled. Each cage
contained no more than three animals. The hamsters
were given food and water ad libitum. The experiment
was approved by the Institutional Animal Care and Use
Committee in our institute.

The hamsters were injected intracerebrally with
scrapie strain 139H or 263K or with NHB homogenates.
There were ten animals per group. The incubation period
of the 139H-infected hamsters (135+5 days) is
approximately twice as long as that of the 263K-infected
hamsters (65+4 days). At the time of sacrifice, the
animals were anesthetized with pentobarbital sodium (50
mg/ml; Abbott, North Chicago, IL) and injected
intraperitoneally at a dose rate of 100 mg/kg of body
weight. Anesthetized animals were perfused via the heart
with normal saline (15 ml/min) at room temperature for
2-3 min, followed by perfusion with 4% para-
formaldehyde and 0.05% glutaraldehyde in 0.1M
phosphate-buffered saline (PBS) (pH 7.4, 15 ml/min) for
15 min at room temperature, The brains were removed
and fixed in 4% paraformaldehyde, 0.05%
glutaraldehyde in 0.1M sodium phosphate buffer
overnight. Half brain was used for cryostat sections; the
other half was paraffin embedded and then sectioned.
Frozen sections from fixed scrapie and control brains
were examined with NADPH-d histostaining. Paraffin
sections (6 um thickness) were used for routine
histopathological studies. NOS containing cryostat
sections (20 um thickness) were cut serially from the

caudal to the frontal end of the fixed brain and were
stained by the NADPH-d histochemistry method
(Scherer-Singler et al., 1983). To demonstrate the
NADPH-d reaction, the free-floating sections were
incubated in 0.1M phosphate buffer, pH 7.4, containing
0.3% Triton X-100, 0.1 mg/ml nitroblue tetrazolium and
1.0 mg/ml b-NADPH at 37 °C for 30-60 min. Following
the reaction, sections were rinsed in phosphate buffer,
pH 7.4, and mounted onto chrome-alum coated slides.
The slides were air-dried overnight, some of the sections
were then counterstained with neutral red. The slides
were then rinsed in distilled water and dried again.
Coverslips were then mounted directly with Permount.
The sections were examined under a light microscope.
Photomicrographs were taken with a Carl Zeiss
Axiophot.

Results

The results of this study are summarized in Table 1.
In control animals, moderately intense NADPH-d
histostaining neurons were present within the anterior
olfactory nuclei, olfactory tubercle, and lateral olfactory
tract; the stained neurons surrounded unstained neurons
(Fig. 1a). At more caudal levels, large, multipolar
neurons were found more frequently scattered within the
gray matter of the dorsal, lateral, ventral and medial
anterior olfactory nuclei. These neurons had somewhat
rounded cell bodies with prominent long, thick, sparsely
branching dendrites. Similar cells were found within the
gray matter of the piriform, cingulate and frontal cortex,
and within the subcortical areas. Moderately dense
networks of fine, varicose and non-varicose fibers were
present throughout all neocortical regions and in all
cortical layers. NADPH-d neurons were also present but
slightly fewer within the main olfactory bulb in 139H-
and 263K-infected hamsters (Fig. 1b). In some cases a
few NADPH-d neurons and astrocytes were found in
vacuolation areas of 263K- and 139H-infected hamsters.
But most of the time increased NADPH-d staining was
not directly correlated with vacuolation in scrapie-
infected hamsters. Some of the NADPH-d neurons
showed atrophy, in which the neurons appeared smaller
and had fewer neurites. There were fewer NADPH-d
histostaining neurite networks in cortex of scrapie-
infected hamsters than in controls.

Within the olfactory tubercle, the most striking
feature was the intense staining of the islands of Calleja.
The granule cells themselves appeared to be unstained,
but three or four of the islands of Calleja were
surrounded by a most intense staining fiber network in

o

Fig. 1. a. Coronal section through the anterior olfactory nucleus of a control animal shows many stained neurons (arrow). Bar: 200 um; b. NADPH-d
staining neurons (arrow) are seen in vacuolation areas (star) of a 263K-infected hamster. Bar: 200 um. c¢. NADPH-d staining in islands of Calleja
{arrow) in a control hamster. Bar: 200um. d. The olfactory tubercle and islands of Calleja (arrow) are vacuolated (star) in a 263K-infected hamster.
Bar: 100um; e. Some of the NADPH-d stained neurons (arrow) showing atrophy in vacuolation areas (star) in a 263K-infected hamster. Bar: 50 um; f. A
group of NADPH-d stained neurons (arrow) scattered in vacuolation area (star) of lateral hypothalamus of a 263K-infected hamster. Bar: 50 um g. A
few NADPH-d stained neurons in amygdaloid complex in a control hamster. Bar: 100um. h. Many NADPH-d stained neurons (arrow) in amygdaloid

complex in a 139H-infected hamster. Bar: 100um.
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both control (Fig. 1c) and scrapie-infected hamsters (Fig.
1d). We observed that some of the NADPH-d
histostaining neurons in 139H- and 263K-infected
hamsters appeared atrophic, especially in vacuolation
areas (Fig. le).

The granule layer and pyramidal cell layer of the
hippocampus complex were largely unstained, except for
the occasional cell, which showed weak staining in both
scrapie and control hamsters. In 139H- and 263K-
infected hamsters more large, multipolar, intensely
stained neurons were scattered throughout the
amygdaloid complex than in control animals (Fig. 1g,h).

Table 1. Comparison of NADPH-d staining in NHB control and scrapie
strains 139H and 263K in hamsters.

CHARACTERISTIC CONTROL SCRAPIE STRAIN
NHB 139H 263K
NADPH-d staining networks
cortex +4+ ++ +4+
islands of Calleja 4+ 4+ ++4
NADPH-d staining neurons
anterior olfactory nuclei ++ + +
olfactory tubercle ++ + +
piriform cortex ++ ++ 4
cingulate cortex ++ 4 4
frontal cortex ++ ++ 4
bed nuclei stria terminalis ++ ++ ++
anterior commissural nuclei ++ ++ ++
hippocampus + + it
septum ++ +4+ +4+
amygdaloid complex + ++ ++
thalamus ++ +4+ +4+4
hypothalamus ++ 4+ S48
paraventricle hypothalamus (PVH) ++ +++ +4+
lateral hypothalamus (LH) ++ ++ ++
suprachiasmatic nucleus (SCN) ++ ++ +++
medial preoptic area (MPA) ++ +4 +++
supraoptic nuclei (SON) ++ T e
NADPH-d staining astrocytes
olfactory bulb 5 + 44
lower cortex - + i
hippocampus - C -+
septum - + 4+
amygdaloid complex - + ++
thalamus - ++ 4+
hypothalamus = % TR
paraventricle hypothalamus (PVH) - - ++
lateral hypothalamus (LH) - 5 4+
suprachiasmatic nucleus (SCN) + + 4+
medial preoptic area (MPA) + + ++
supraoptic nuclei (SON) + + ++
optic chiasm (OX) + + F

-: no staining; +: weak; ++: moderate; +++: many.

Groups of NADPH-d histostaining neurons were
found in anterior commissural nucleus and in bed
nucleus of stria terminalis of both control and scrapie-
infected hamsters. There were more large, intensely
stained, multipolar neurons within the lateral
hypothalamus (Fig. 1f) and thalamus areas (Fig. 2f) in
scrapie-infected hamsters than in controls (Fig. 2e).
Compared to the control animal (Fig 2e), the most
striking observation was that numerous large and
intensely stained astrocytes were scattered throughout
the thalamus, hypothalamus and lower part of cortex of
263K-infected hamsters (Fig. 2f).

A few dark and positive stained neurons and fibers
were present in the septum areas of control animals (Fig.
2c). However, in 263K-infected hamsters many
NADPH-d stained astrocytes were found in the lateral
septal areas (Fig. 2d).

A major cell group of strongly stained neurons was
present in the paraventricular hypothalamus (PVH) and
lateral hypothalamus (LH) of both control and scrapie-
infected hamsters. These were magnocellular neurons,
often bipolar in shape, whose stained processes formed a
dense meshwork in the paraventricular and lateral
hypothalamus within vacuolation areas in scrapie-
infected hamsters (Fig. 2a,b).

Only a few NADPH-d stained neurons or astrocytes
were seen in suprachiasmatic nucleus (SCN) in control
hamsters (Fig. 2g). In contrast, intensely stained
astrocytes were found in SCN, medial preoptic area
(MPA) and supraotic nucleus (SON) of scrapie infected
hamsters, especially in the 263K-group (Figs. 2h). Some
of the neurons in SCN, MPA and SON were also stained
intensely in both scrapie and control hamsters.

In conclusion, we observed that the intensity of
NADPH-d histostaining of cells in thalamus, septum,
hypothalamus and amygdala of 139H- and 263K-
infected hamsters was greater than in control hamsters.
Astrocytes in the thalamus, hypothalamus and lower part
of the cortex (layers 4 to 6) were more intensely stained
in 263K-infected hamsters, than in either 139H-infected
hamsters or controls. We also observed that some of the
NADPH-d histostaining neurons in 139H- and 263K-
infected hamsters appeared to be atrophic.

Discussion

There are many differences between hamsters
infected with the 139H strain and those infected with the
263K strain. The hamster-adapted 139H strain was
originally derived from the 139A mouse scrapie strain
(Kimberlin et al., 1989). Derivation of the hamster-

.
Fig. 2. a. A group of NADPH-d stained neurons (arrow) scattered in vacuolation area (star) of the medial preoptic area in a 263K-infected hamster. Bar:
50 um. b. A group of NADPH-d stained neurons (arrow) scattered in vacuolation area (star) of paraventricle area of a 263K-infected hamster. Bar: 50
Hm. c. A few stained neurons and fibers in septum area of a control hamster. Bar: 100 um. d. Many NADPH-d stained astrocytes (arrow) are found in
lateral septum area of a 263K-infected hamster. Bar: 100 ym; e. NADPH-d stained neurons (arrow) in thalamus of a control hamster. Bar: 100 nm.
f. Many intensely stained astrocytes (arrow, NADPH-d stained) in thalamus of a 263K-infected hamster. Bar: 50 um. h. A few NADPH-d stained cells in
suprachiasmatic nucleus in a control hamster. Bar: 50 um. h. Many intensely stained astrocytes (arrow, NADPH-d stained) in suprachiasmatic nucleus

in a 263K-infected hamster. Bar: 50 um.






NADPH-d in scrapie-infected hamsters

adapted 263K strain involved a series of passages from
the drowsy goat passage line to mice; after passage into
mice, serial passages were made into rats and then into
hamsters (Kimberlin and Walker, 1977, 1986).
Differences in activity, metabolic functions and brain
pathology were observed between 139H- and 263K-
infected hamsters (Carp et al., 1990, 1994; Ye and Carp,
1996; Ye et al., 1994, 1998a,b).

There are three kinds of NOS in brain, nNOS, iNOS
and eNOS (Forstermann and Kleinert, 1995; Griffith and
Stuehr, 1995). NADPH-d is co-localized with all known
NOS isoforms (Tracey et al., 1993; Sessa, 1994).
However, it has been suggested that NOS represents
only a fraction of total cellular NADPH-d activity
(Tracey et al., 1993). Non-NOS NADPH-d activity can
be removed by formaldehyde fixation and this procedure
does not affect the NOS-related NADPH-d activity
(Nakos and Gossrau, 1994). Therefore, in our study we
used paraformaldehyde-fixed tissues to ensure that
NADPH-d activity coincided with NOS activity.
NADPH-d activity was found mainly in neurons in
control animals, whereas, activity was found in both
neurons and astrocytes in scrapie-infected hamsters.

In this study, the NADPH-d stained astrocytes in the
thalamus, hypothalamus and lower part of the cortex
(layer 4 to 6) in 263K-infected hamsters were more
numerous than in those regions of 139H-infected
hamsters; the reason for this difference is not known.
The same pattern of glial fibrillary acidic protein
(GFAP) immunostaining astrocytes was observed in both
139H and 263K scrapie-infected hamsters (Ye et al.,
1998b). NADPH-d containing astrocytes were also
found in lesioned areas of rat brain (Tew et al., 1993).
Similar studies have reported that there is increased
NADPH-d activity in astrocytes after glutamate agonist
lesion (Wolf, 1997), and in affected areas from human
multiple sclerosis brains (Brosnan et al., 1994). These
studies suggested that NADPH-d activity is induced in
reactive astrocytes in different pathological conditions.

It was found that scrapie induced iNOS production
occurs in reactive astrocytes (Ju et al., 1998). Induction
of iNOS can be caused by inflammatory cytokines
(interleukin-1, tumor necrosis factor, and interferon y) or
bacterial lipopolysaccharide (Gross and Wolin, 1995;
Schoedon et al., 1995; Sparrow, 1995; Shapiro and
Hotchkiss, 1996; Ju et al., 1998). Inducible NOS has
been found in several cell types including endothelial
cells, neurons, cerebellar granule cell (for detail see
Kroncke et al., 1995). It has been shown that iNOS
mRNA increased in rats infected with borna disease
virus (BDV) and rabies virus, as well as in the brains of
mice infected with herpesvirus (Koprowski et al., 1993).
Additionally, the gp120 HIV envelope glycoprotein has
been shown to increase the production of NO in human
monocyte-derived macrophages and in an astrocytoma
cell line (Mollace et al., 1993; Koka et al., 1995).
Wallace et al. (1997) found NOS in reactive astrocytes
adjacent to B-amyloid plaques in Alzheimer’s disease. In
addition, B-amyloid acts synergistically with cytokines

such as interferon-y, tumor necrosis factor-a, and S-1008
to induce expression of iNOS in astrocytes (Hu et al.,
1996; Rossi and Bianchini, 1996). It is interesting that
abnormal prion protein (PrPS¢) accumulated in the
thalamic and hypothalamic astrocytes, which expressed
high levels of NADPH-d in 263K-infected hamsters (Ye
et al., 1998a). In scrapie-infected mice, there is an
increase in NF-kB, IL-1a, IL-1, TNF-a, and iNOS
activities in reactive astrocytes (Ju et al., 1998; Kim et
al., 1999). It is believed that PrP>¢ may induce cytokines
and S-1008 in glial cells, which then play an important
role in iNOS, and/or NADPH-d production in scrapie
infected animals.

The free radical NO is a biological signal molecule
that mediates blood vessel relaxation and immune
responses, kills pathogens, inhibits platelet aggregation
and adhesion, and serves as a neuromodulator in the
central and peripheral nervous systems. NO plays a role
in controlling enzyme activities (Guanylyl cyclase, NOS,
Cyclooxygenase, cis-aconitase), ion channels (NMDA
receptor), gene transcription (ribonucleotide reductase,
DNA deamination), and mitochondrial respiration
(mitochondrial complex I and II). NO mediates a variety
of functions in the nervous system, such as synaptic
transmission, plasticity, regulation of cerebral blood
flow, induction and regulation of circadian rhythm, and
hyperalgesia (for review see Wolf, 1997). Furthermore,
NO is involved in the development of tolerance to and
withdrawal from morphine (Bhargava, 1995; Vaupel et
al., 1995). At higher concentrations NO has been
proposed to have antibacterial, antifungal, antiprotozoal
and tumoricidal activities (Vallance and Collier, 1994;
Kerwin et al., 1995; Schoedon et al., 1995).

Recently, increased attention has focused on the
possibility that the NO produced by NOS, may directly
damage host tissue in a variety of pathogenic states. NO
easily diffuses in both aqueous and lipid environments,
and it is, therefore, assumed to spread rapidly to
neighboring tissue elements regardless of intervening
membranes. NO can also interact with oxygen-derived
radicals to produce other highly toxic substances
(ONOO-) (Dawsan and Dawsan, 1994; Brown, 1995;
Crow and Beckman, 1995; Garthwaite and Boulton,
1995; Gross and Wolin, 1995; Moncada and Higgs,
1995). NO overproduction in mammalian systems may
contribute to cell damage or cell death (Dawson, 1995;
Gross and Wolin, 1995). However, NO is involved in
many neuropathological conditions and can have either a
neuroprotective or a neurotoxic function depending on
its concentration and the redox state of the tissue. It
means that its actions may vary with the oxidative state
of the tissue, with NO being neurodestructive and NO*
being neuroprotective (Lipton et al., 1993).

Astrocytes in the healthy brain do not express NOS
but following ischemic, traumatic, neurotoxic, or
inflammatory damage, reactive astrocytes start
expressing iNOS in mice (Wallace and Bisland, 1994; Ju
et al., 1998), rats (Endoh et al., 1994) and in humans
(Brosnan et al., 1994), Activated astrocytes of the mouse
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hippocampus contain high levels of NADPH-d (Wallace
and Fredens, 1992). In scrapie-infected mice, astrocytic
iNOS activity in the brain is increased, and it was
suggested that the increase in NO is responsible for the
cerebral disorders induced by scrapie (Ju et al., 1998). In
other studies, in scrapie-infected mice and hamsters,
nNOS activity in the brain was markedly inhibited
(Ovadia et al., 1996). It was suggested that PrPC may
play a role in the targeting of nNOS to its proper
subcellular localization; the nNOS impairment might be
due to PrPC dysfunction in scrapie-infected animals
(Keshet et al., 1999). In this study, we observed that
some of the NADPH-d histostaining neurons appeared to
be atrophic and that there were fewer NADPH-d
histostaining neurons and neurite networks in some areas
of the brain in scrapie-infected hamsters compared to
controls. NOS expression is induced in neurons of the
hypothalamus following neuronal injury (Lumme et al.,
1997). In the current study, we observed that the
NADPH-d activity was higher in septum, thalamus,
hypothalamus and amygdala of 139H- and 263K-
infected hamsters than in control hamsters. The increase
in NADPH-d activity in astrocytes and neurons in this
study probably represents iNOS induction. However, the
increased NADPH-d activity was not directly correlated
with brain pathological changes such as vacuolation. The
question of whether the increased NADPH-d activity is
involved in a neuroprotective or a neurodestructive
function requires further study. It may depend on its
location, its concentration and the redox state of the
tissue. Our results suggest that changes in NADPH-d
system might play a role in the diversity of scrapie
pathology.
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