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Behavioral and neuropathological changes have been widely investigated in murine prion disease but stereological based
unbiased estimates of key neuropathological features have not been carried out. After injections of ME7 infected (ME7)
or normal brain homogenates (NBH) into dorsal CA1 of albino Swiss mice and C57BL6, we assessed behavioral changes on
hippocampal-dependent tasks. We also estimated by optical fractionator at 15 and 18 weeks post-injections (w.p.i.) the
total number of neurons, reactive astrocytes, activated microglia and perineuronal nets (PN) in the polymorphic layer of
dentate gyrus (PolDG), CA1 and septum in albino Swiss mice. On average, early behavioral changes in albino Swiss mice
start four weeks later than in C57BL6. Cluster and discriminant analysis of behavioral data in albino Swiss mice revealed
that four of nine subjects start to change their behavior at 12 w.p.i. and reach terminal stage at 22 w.p.i and the remaining
subjects start at 22 w.p.i. and reach terminal stage at 26 w.p.i. Biotinylated dextran-amine BDA-tracer experiments in
mossy fiber pathway confirmed axonal degeneration and stereological data showed that early astrocytosis, microgliosis
and reduction in the perineuronal nets are independent of a change in the number of neuronal cell bodies. Statistical
analysis revealed that the septal region had greater levels of neuroinflammation and extracellular matrix damage than
CA1. This stereological and multivariate analysis at early stages of disease in an outbred model of prion disease provided
new insights connecting behavioral changes and neuroinflammation and seems to be important to understand the

mechanisms of prion disease progression.

Introduction

Prion diseases are fatal neurodegenerative diseases with a broad
spectrum of clinical manifestations and neuropathological find-
ings."? Behavioral and neuropathological changes have been
actively investigated in murine models of prion disease in the
last decade.’® However, most studies that have quantified patho-
logical changes to correlate with behavioral abnormalities have
employed two-dimensional designs in single sections with neu-
ropathological markers such as amyloid plaques, neuronal or
glial cell densities, perineuronal nets and neuronal numbers and
sizes.””® These two-dimensional designs to estimate the number
of these elements, either as cell densities or size distribution of
neuron profiles, give rise to difficulties in interpretation because
of the three-dimensional size, shape and orientation of the
counted cells, and the effect of shrinkage artifacts on the regions

of interest in single sections”' As a result, the quantitative
associations between neuropathological features and behavioral
changes in murine prion disease are not yet firmly established. In
the present report some of the behavioral changes were quanti-
fied by cluster and discriminant analysis and early microscopic
abnormalities were described by stereological using unbiased
estimations in the outbred albino Swiss mice model. Using selec-
tive markers for astrocytes, microglia and perineuronal nets we
estimated the total numbers of these elements by the optical
fractionator and apply cluster and discriminant analysis to assess
behavioral data. The optical fractionator is an accurate method
of quantification that combines properties of optical dissector
and the fractionator that has been used in a variety of studies to
determine cell numbers in multiple brain regions.'*'> The opti-
cal fractionator is unaffected by histological changes, shrinkage
or damage-induced expansion by injury, an issue of particular

importance when studying brain diseases.”'*!*
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A growing body of research suggests that substantial variabil-
ity exists among cognitive abilities within individuals. Rodents
in particular may present high levels of variability when ana-
lyzed by classical quantitative approach.”!® The dispersion pro-
files can be analyzed by clustering methods based on variables of
interest. Cluster analysis is a method of multivariate statistical
analysis that has been applied to a wide variety of experimental
approaches including behavior analysis and is mostly used when
one does not have any a priori hypotheses about which objects
1620 We applied this multi-

variate statistical procedure to our samples of behavioral data to

belong to a specific cluster or group.

search for classes or subsets of behavioral changes.

Many concepts about the pathogenesis of prion disease have
arisen from studies in mouse inbred models.?** Although inbred
strains present several advantages and are indicated for most
studies, the use of outbred models can show unique usefulness
in a number of approaches such as fine post-quantitative trait loci
mapping and discovery of genes relevant to prion disease progres-
sion.”>?¢ For example as we have found in the present report, Swiss
albino outbred and C57 inbred models present the same survival
times (time to death) but different times to onset of behavioral
deficits in simple species specific tasks. These separation of death
and symptoms may suggests that there are genes that modify
different aspects of the disease evolution.?’” In addition the out-
bred Swiss albino mouse has rarely been used in experimental
prion disease studies?® and no descriptions related to behavioral
changes and quantitative neuropathology are available so far.

Thus, based on previous and present analysis of the behavioral
changes in the C57BL6] and in the present report dedicated to
albino Swiss mice we have chosen to investigate behavioral and
neuropathological changes at 12, 15 and 18 w.p.i., in two phases
of the disease progression, when species-typical reward-seeking
behaviors (phase 1) and locomotor/cognitive (phase 2) activities
are respectively altered.”

To induce prion disease in the albino Swiss mice model and
in C57Bl6 we used bi-lateral CAl injections of ME7 infected
brain homogenate. We investigated whether the progression of
the behavioral changes is similar in both strains and which neu-
roanatomical areas and cell targets were more affected in disease
in albino Swiss mice at early stage by using selective cell labeling
and biontinylated dextran amine (BDA) injections.

Results

Behavioral tests. Figure 1A compares behavioral data from
C57BL6 (top row) with albino Swiss mice (middle and bot
tom rows) on three different tasks: burrowing (left), open field
(middle) and rod bridge (right). Top (C57BL6) and middle
(albino Swiss) rows represent average performances of ME7- and
NBH-animals and bottom row depicts two distinct albino Swiss
mice groups. Figure 1B shows cluster and discriminant analysis
applied to behavioral data from 18 w.p.i. of albino Swiss mice.
Burrowing. From 16 w.p.i. towards the late stages at 24 w.p.i.
the albino Swiss mice ME7-animals progressively burrowed less
food than NBH-animals, whereas C57BL6 ME7-animals start
to decrease burrowing compared to NBH-animals 4 weeks
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earlier (ANOVA, one way, Bonferroni p < 0.05). Inter-individual
variability in burrowing activity in the ME7 albino Swiss mice
revealed two subgroups (ME7-E and ME7-L) with a differential
decrease during disease progression in comparison with NBH-
animals (Fig. 1 bottom left). ME7-E start to decrease burrowing
activity at early stage (12 w.p.i.) and ME7-L at later stage (22
w.p.i.). Discriminant analysis of the experimental variables (Fig.
1B and bottom row, right), demonstrates that burrowing activ-
ity is the variable that distinguished two differential patterns of
behavioral changes in the ME7-animals. These patterns became
apparent at 18 w.p.i. and remained until the final stage of the
disease.

Open field and rod bridge tests. These tests demonstrated
that albino Swiss ME7-animals when compared to NBH-
animals, presented greater motor incoordination (longer latency
to cross the bridge) followed by hyperactivity (higher number
of crossed lines) at 18 and 22 w.p.i. respectively, (ANOVA, one
way, Bonferroni p < 0.05), whereas C57BL6 present hyperactiv-
ity at 16 w.p.i. followed by motor incoordination at 18 w.p.i. (Fig.
1A, middle and right columns). Note that hyperactivity appears
earlier than motor incoordination in C57BL6 in contrast to the
albino Swiss mice where motor incoordination seems to precede
hyperactivity. It is important to highlight that motor incoordina-
tion start on average at 18 w.p.i. in both strains. Hyperactivity
and motor incoordination in albino Swiss mice do not form
clusters with statistical significance, however, the distinction
becomes visible if we segregate based on burrowing activity early
from late subjects.

Neuropathology. Figure 2A-D presents a series of photomi-
crographs of histo- and immunohistochemical reacted sections
from ME7- and NBH-animals. Typical vacuoles are shown as are
PrP5¢ deposits in CA1 (Fig. 2A and B), and mossy fiber degen-
eration in ME7-animals (Fig. 2C) in comparison with NBH-
animals (Fig. 2D). At 18 w.p.i. mossy fibers show morphological
changes with large varicosities, incomplete filling and eventually
leakage of the neurotracer associated with intense astrocytosis
and microgliosis in the hilus. These neuropathological features
in axons were absent in the NBH-animals (D).

Earlier in the disease (12 w.p.i.), when behavioral changes
became apparent neuropathological analysis in another cohort of
subjects revealed that 4 in 9 ME7-anmimals had microglial acti-
vation (Fig. 3-ME7-E). We suggest that these animals with early
microglial activation may correspond to the subjects with behav-
ioral changes eatly in the disease (ME7-E, in Fig. 1) and the oth-
ers that did not show early microglial activation (Fig. 3-ME7-L)
may correspond to the ones that start behavioral changes late in
the disease (ME7-L in Fig. 1).

Stereological assessment. We estimated the total number of
reactive astrocytes, activated microglia and neurons in the sep-
tum, polymorphic layer of dentate gyrus and CA1 and correlated
these with the estimates of the total number of perineuronal nets
in the septum and CAL.

The estimates of the total numbers by optical fractionator
for each selective marker and region are shown in Tables S3-6
. The total number of microglia in the polymorphic layer of the
dentate gyrus, CAl and septum in the NBH-animals and albino
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Figure 1. (A) Graphic representation of the behavioral changes in C57BL6 and albino Swiss mice models of prion disease. Left, middle and right
columns correspond to burrowing, open field and rod bridge performances. Top and middle rows illustrate average values to C57BL6 and albino Swiss
whereas bottom row illustrate two different subgroups (ME7-E) and (ME7-L) that start to behavioral deficits early and late respectively. (B) Cluster

and discriminant analysis at 18 w.p.i. to demonstrate the presence of distinct sensitivity to ME7 agent. Note that on average C57BL6 start to change
burrowing at 12 w.p.i. whereas albino Swiss mice only start 4 weeks later. ME7-E start at the same time as C57BL6, whereas ME7-L 10 weeks later. Open
field activity starts to increase on average at 16 w.p.i. in C57BI6 whereas in albino Swiss mice start 6 weeks later. C57BL6 and albino Swiss mice show
the onset of impairments of motor coordination at the same time (18 w.p.i.). Despite statistical significant differences between ME7-animals and NBH-
animals, cluster analysis did not detect subgroups in the open field and rod bridge performances.

Swiss ME7-animals at 15 w.p.i. and 18 w.p.i. were all signifi-
cantly different from each other (Table S3), (ANOVA, one-way,
Bonferroni a priori test p < 0.05). Similar results were found for
astrocytes in PolDG estimates except for a lack of significant dif-
ference between 15 and 18 weeks in the ME7 groups. In CAl
astrocyte estimates did not show a significant difference between
NBH-animals and 15 w ME7-animals, but the difference
between NBH- and ME7-animals appeared at 18 weeks as well
as a significant difference between ME7-animals at 15 w and 18
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w (ANOVA, one-way, n = 4, Bonferroni a priori test p < 0.05). In
the septal region we have found the greatest difference in astro-
cytes estimations and it included all groups (ANOVA, one-way, n
= 4, Bonferroni a priori test p < 0.05). Finally, perineuronal nets
presented greater RIs in CAl than in septal region with signifi-
cant differences (ANOVA, one-way, n = 4, Bonferroni a priori
test p < 0.05) between all experimental groups, except for a lack
of a significant difference between 15 and 18 weeks in the septal
region of ME7-animals.
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Figure 2. Photomicrographs of hippocampal region of ME7 subjects at
18 w.p.i. after Neu-N (A) and PrP (B) immunohistochemistry to illustrate
vacuoles and PrPSc deposits (white arrows) respectively. Photomicro-
graphs of ME7-animal (C) and NBH-animal (D) mossy fibers at 18 w.p.i.
Black arrows indicate damaged axons with boutons tumefaction, and
reduction of the axonal filling in the ME7 infected brain whereas in the
NBH-animal these signs are not present. Scale bars: (A and B) 250 um; (C
and D) 25 pm.

Figures 4—7 show low and high power photomicrographics
from GFAP immunostained sections, or from histochemically
reacted sections for Lycopersicum esculentum and Wisteria flori-
bunda, to illustrate respectively reactive astrocytes (Figs. 4 and
6 upper) and activated microglia (Figs. 5 and 6 lower) in the
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Figure 3. Photomicrographs of the polymorphic layer of dentate gyrus
of ME7 subjects at 12 w.p.i. after Lycopersicum esculentum histochem-
istry (n =9) to illustrate microglial activation early in the disease. Right
column show early microglial activation in 4 infected subjects (ME7-E)
as compared with 4 subjects without early microglia activation (left
column, ME7-L). Scale bar: 25 um.

PolDG, CALl and Septum, as well as perineuronal nets (Fig. 7)
in the CAl and Septum. Images are from sections at 15 and 18
w.p.i. of ME7-animals or NBH-animals. Note in Figure 4 and 6
upper, that the number and size of astrocytes increased in greater
proportions in the septal region and in PolDG than in CA1 at the
same time points. A similar tendency is shown by the activated
microglia (Figs. 5 and 6 bottom).

Graphic representations of the number of objects of inter-
est based on Tables S3-5 illustrate mean values and error bars
of the total number of astrocytes (Figs. 4 and 6), microglia
(Figs. 5 and 6) and perineuronal nets (Fig. 7) in PolDG, CA1
and septum with respective indices of activation (astrocytes and
microglia, Figs. 4—6) or reduction (perineuronal nets, Fig. 7).
Direct comparative analysis of activation indexes indicate that
the septal region is more strongly affected earlier in the disease
than PolDG or CAl, with a higher proportion in the number
of reactive astrocytes, activated microglia and a reduction of the
perineuronal nets.
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Figure 4. Top and bottom: low and high power photomicrographics of the polymorphic layer of dentate gyrus (PolDG) and CA1 of GFAP immunos-
tained sections after 15 or 18 w.p.i. Graphic representations illustrate the mean values and error bars of the total number of astrocytes in the PolDG
(left) and CA1 (middle) and of the activation index (right) of reactive astrocytes in CA1 and polymorphic layer. Activation index was estimated by

= (ME718w - ME715w)/(ME718w + ME7 15w) or Al
(ME715w + NBH) where Al is the activation index in the period and ME718w, ME715w and NBH are the estimates of the number of objects of interest at
15 and 18 w.p.i. in each region for each experimental group. Significant differences are indicated by (*) and the probability values by p level; (*) = 0.05;
(**) = 0.025; (***) = 0.01. Scale bars: Scale bars: low power 250 um; high power 25 pum.

18/15

= (ME715w - NBH)/
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It can be observed from Tables S3—6 (see supplementary
material) that the variance introduced by methodological proce-
dures was in most cases less than 50% of the observed group vari-
ance giving a ratio CE?/CV? <0.5 (Slomianka and West 2005).
In cases of experimental groups that did not follow this rule, the
ratio CE?/CV? higher than 0.5, was not indicative of large vari-
ance introduced by stereological analysis. In this exceptions both
biological variance (9.4-19%) and CEs (6.7-11%) were low and
the general rule was neither meaningful nor practical to follow.”

In the septal region, between 15 and 18 w.p.i., there was an
increase of 45% and 123% in the total number of reactive astro-
cytes and activated microglia respectively, whereas the reduc-
tion of perineuronal nets was 22% in the same region and time
period. In total the percentages of reduction of perineuronal nets
in ME7-animals at 18 w.p.i. in comparison with NBH-animals
were 49% and 55% in CAl and septum respectively, whereas

www.landesbioscience.com

Prion

astrocytes increase 33% and 50% respectively and microg-
lia increase 73% and 80% in the same period and regions.
Figure 8 shows estimates of reactive astrocytes, activated microg-
lia and perineuronal nets in the septum (top) and CA1 (bottom).
Data analysis comparing NBH-animals and ME7-animals at 15
and 18 w.p.i. revealed an inverse, linear proportionality between
the increase of astrocytes and microglia and the reduction of the
perineuronal nets.

Finally despite the increasing microgliosis, astrocytosis and
extracellular matrix damage, the estimates of the total number of
neurons in the septal region and in PolDG did not reveal any sig-
nificant differences between NBH and ME7 at 18 w.p.i.: Septum,
NBH = 90,144 + 20,581; 18 w = 89,533 + 15,337; PolDG, NBH
=22,295 + 3,210, 18 w = 24,870 + 7,848; (2-tail t-test, n = 4,
p > 0.05) suggesting at this stage that microgliosis, astrocytosis
and PN nets reduction are independent of neuronal numbers.
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Discussion

We induced prion disease in the albino Swiss mice with intra-
cerebral injections of ME7 prion agent and demonstrated that
behavioral and neuropathological changes were similar to pre-
vious descriptions in the C57BL6J with two differences (1) the
septal region and the polymorphic layer of the dentate gyrus were
affected earlier with higher indexes of activation of microglia and
reactive astrocytes than CAl; (2) on average the disease started 4
weeks later in albino Swiss mice than in C57BL6]J; (3) Changes
in locomotor activity in the open field start 4 weeks later in
albino Swiss mice, however, as in C57BL6 motor coordination
was affected at 18 w.p.i. (4) The progression of the behavioral
changes was variable in ME7-animals of the albino Swiss mice
strain and cluster analysis detect two distinct periods to deficit
onset of 12 and 22 weeks, whereas in the C57BL6 the disease
progression was homogeneous with a single period to deficit onset
of 12 weeks.

Behavioral changes. One of the aims of the present report was
to analyze and compare behavioral changes induced by bi-lateral
intra-hippocampal injections of ME7 infected brain homogenate
in the albino Swiss mice with present and previous descriptions
for the C57BL6] strain.**%>° These changes were measured by
analyzing species-typical behaviors such as burrowing and open

29,31 as

field activities which are altered after hippocampal damage
well as the motor performance in the rod bridge. These behav-
ioral assays revealed significant differences between albino Swiss
mice and C57BL6] both in burrowing and locomotor activity
in open field: albino Swiss mice behavioral changes start at 12
or 22 w.p.i (burrowing) and 22 w.p.i. (open field), whereas in
C57BIl6] behavioral changes start at the 12 (burrowing) and 16
(open field) w.p.i. Thus, after bilateral injections of the same
amount of the ME7 infected brain homogenate into the hippo-
campus of C57Bl6] we confirmed other descriptions published
elsewhere at the same time windows.**"**! Since it has been
described that selective damage of the septum-hippocampal cho-
linergic projections increases locomotor activity® it is reasonable
to propose that the loss of perineuronal nets and gliosis in the
septal region contribute to the hyperactivity observed. Similarly
axonal changes on the dentate gyrus-to-CA3 projection can alter
the modulation of the mossy fiber-CA3 synaptic transmission*
and thus the observed changes in the PolDG may contribute to
the patophysiology of the altered hippocampal-dependent tasks.
Combined with our previous descriptions of significant loss of
presynaptic terminals in the stratum radiatum of the CA1, which
associates with the earliest evidence of hippocampal behavioral
dysfunction the results suggest that in both mice strains hippo-
campal and perhaps septal damage may be part of the anatomical
substrate of the impaired species-typical behaviors.”*>
Species-typical behavioral changes during disease progression
in albino Swiss mice seem to be heterogeneous, with two different
periods of deficit onset (12 and 22 weeks) whereas in C57BL6]J
no clusters were detected and a single period of incubation to
onset of first changes was found (12 weeks). Indeed cluster and
discriminant analysis applied to the behavioral data confirmed
the occurrence of two subgroups with differential sensitivity to
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the ME7 agent: around 40% of the subjects start behavioral
changes early in the disease (12 w.p.i) and reach terminal stage at
26 w.p.i., whereas the remaining subjects start change burrowing
activity later (22 w.p.i.) but also reach terminal stage at 26 w.p.i.
Thus burrowing is by far in both strains, the most sensitive task
to detect early behavioral changes and the single variable that was
able to distinguish differential sensitivity to the ME7 agent. In
accord with the behavioral data in albino Swiss mice semi-quan-
titative analysis of neuropathological changes revealed that only
4 in 9 ME7-anmimals had microglial activation after 12 weeks
whereas no differential activation in C57BL6] was found. These
differences in C57Bl6 and albino Swiss mice strains demonstrate
the presence of strain-dependent mechanisms that control the
course of appearance of neurological symptoms of prion disease
without affecting survival time. The differences may associated
with astrocytic prion clearance®® or other yet to be discovered
mechanisms.

Neuropathological changes and stereology. In murine prion
diseases astrocyte and microglia activation occur relatively early
in the disease although the number of neurons remain unaltered
at early stages.*®
increase in number with increasing impact on the extracellular

7 As disease progresses these non-neuronal cells

matrix® in association with behavioral changes that are indepen-
dent of neuronal death.*’ In line with this evidence in the present
report estimates obtained by optical fractionator and calculations
of the index of activation of astrocytes and microglia in the hilus,
septal region and CA1 we have shown a greater degree of activa-
tion in the septum and PolDG than in CAl with no neuronal
losses at these regions, whereas PN nets were reduced to a greater
degree in CAl than in the septal region.

As previous reported in the hippocampus of C57BL6]J® and
cortex’® a loss of perineuronal nets was detected early in the dis-
ease. As described for the hippocampus of ME7 prion-diseased
C57BL6] mice® we have found in the albino Swiss mice a lin-
ear proportional decay between the reduction of PN nets and
microgliosis early in the disease. In the present report we have
extended this linear correlation between the reduction of PN nets
and microglial activation to also include reactive astrocytosis.

We also found after iontophoretic injections of biotinylated
dextran amine in the granular layer of ME7-animals but not
in the NBH-animals, morphological changes including large
varicosities along the mossy fibers with incomplete filling and
tracer leakage. Interestingly, a functional impairment in the axo-
nal transport has been described in motor neurons at the onset
of clinical prion disease.”” In addition there was previous evi-
dence for dendritic and axonal pathology with abnormal vari-
cosities in both dendrites and axons of prion-diseased animals
at early and late stages of the disease but not in control ani-
mals.’® Proteins such as kinesin and dynein, two key molecules
responsible for axonal transport, are found in axon spheroids in
chronic neurodegenerative disorders and their accumulation in
spheroids in motor neuronal disease impairs fast axonal trans-
port.” Finally, a selective presynaptic degeneration is associated
with ME7-induced hippocampal pathology and selective reduc-
tion of presynaptic protein expression at early stage of the dis-
ease.” Furthermore, this pre-synaptic degeneration is not specific
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Figure 5. Top and bottom: low and high power photomicrographs of the polymorphic layer of dentate gyrus (Pol-DG) and CA1 of activated microglia
stained with Lycopersicum esculentum histochemistry after 15 or 18 w.p.i. Graphic representations illustrate the mean values and error bars of the total
number of activated microglia in the polymorphic layer of dentate gyrus (left) and CA1 (middle) and of the activation index (right) of microglia in CA1
and polymorphic layer. Activation index was estimated by the following equation Al ... = (ME718w - NBH)/(ME718w + NBH) or Al .. = (ME718w -
ME715w)/(ME718w + ME7 15w) or Al ... = (ME715w - NBH)/(ME7 15w + NBH) where Al is the activation index in the period and ME718w, ME715w and
NBH are the estimates of the number of objects of interest at 15 and 18 w.p.i. in each region for each experimental group. Significant differences are
indicated by (*) and the probability values by p level; (*) = 0.05; (**) = 0.025; (***) = 0.01. Scale bars: Scale bars: low power 250 um; high power 25 pm.

to the ME7 strain of prion disease. It has been shown that ME7,
79A and 22L all show similar temporal profiles of behavioral
dysfunction and similar patterns of pre-synaptic terminal loss
in the hippocampus and thalamus in late stage disease despite
divergent patterns of neuronal loss.® These synaptic changes are
also common to these strains at early stages (Hilton et al. unpub-
lished observations).

Taken together these data support the conclusion that neuro-
degeneration in murine prion disease start at the synaptic sites,*’
seems to be aggravated by axonal transport dysfunction without
neuronal death at early stages and leaves open the question as
to what are the molecular mechanisms that trigger the synaptic
changes. One possibility is that the low molecular weight SDS-
6162 could, in

an analogy with which has been proposed to Alzheimer’s disease,
63-65

captured oligomers, which are the most infectious

interfere with vesicular release processes®®® with consequent
reduction of the neurotrophic cascades that sustain synaptic

function.®
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We have detected by multivariate statistical analysis of behav-
ioral data and stereological analysis of neuropathological features
that albino Swiss mice seems to present individual variability
in the sensitivity to the ME7 prion agent, whereas C57BL6 is a
experimental model, with a single and highly reproducible incu-
bation period with well-characterized evolution of behavioral
changes. It is reasonable to suggest that the differences between
these two murine models of prion disease are related, at least
in part, to the less isogenic background of albino Swiss mice as
compared to C57BL6, with different timings, and intensities of
microglial activation, reactive astrocytosis and reduction of peri-
neuronal nets at the different affected areas. The progression of
prion disease had not previously been assessed in Swiss albino
mice and the current study indicates that Swiss Albino and C57
have the same survival times (time to death) and thus share the
Prnp? allele of the PrP gene, which is known to influence incuba-
tion time.% It is believed that there are several other disease mod-
ifying genes in prion disease® and the existence of two discrete
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sub-groups in the current study suggests that the Swiss Albino
mouse may represent a good strain in which to examine this
issue. It is of considerable interest that the sub-groups emerged
when examining eatly stage behavioral signs rather than disease
incubation per se. The study of the prion disease has relied heavily
on the inoculation of wild-type and mutant or transgenic strains
with one of a number of prion disease strains and simply assessing
the time until death or terminal disease signs. This prevents the
analysis of whether there are aspects of behavioral dysfunction
(analogous to symptoms in human disease) or neuropathology
that are altered in these different strains at earlier stages. It has
previously been shown that ME7-inoculated animals deficient in
MCP-1/- survive longer than WT controls but actually show very
similar progression of behavioral changes.®” Although the strains
in the current study do not differ in time to death or terminal
symptoms they do show clear differences in the time to onset of
different behavioral impairments thus allowing a route to dissect
the anatomical substrates of the different deficits observed and
the action of the prion agent on different elements of neuronal
integrity. In this regard the study of prion-associated neuropa-
thology and behavioral changes in the Swiss Albino mouse could
lead to useful insights into the pathophysiology of prion diseases.

Methods

All procedures applied to this investigation were submitted and
approved by the institutional animal care committee of the
Federal University of Pard. In the present work we have used 40
albino Swiss mice and 14 C57BL6 females, 8 weeks old, obtained
from the colony of Instituto Evandro Chagas and handled in
accordance with the “Principles of Laboratory Animal Care”
(NIH).

Inoculations and experimental groups. The animals were
deeply anesthetized with 2,2,2-tribromoethanol (Sigma-Aldrich)
1% (0.02 ml/g of body weight, intraperitonially) and fixed in a
stereotaxic frame (Insight Equipamentos Leda). After the expo-
sure of the skull, a hole was drilled in each side of the midline to
allow the bilateral hippocampal infusion of 1 pl of normal brain
homogenate (NBH, 10% w/v) or infected brain homogenate
with ME7 agent (10% w/v), kindly donated by V.H. Perry. All
injections were made with a 10 pl Hamilton syringe into the dor-
sal hippocampus with the following stereotaxic coordinates: +1.3
mm from interaural line, +2.0 mm from the midline and -2.0
mm from the skull surface, adopting bregma as zero reference
point.?® After infusion, the needle was left in place for 2 min, to
avoid reflux of the solution. The scalp was then sutured and the
mice remained in a recovering cage for approximately 4 h.

After recovering, subjects were housed in plastic standard
cages (32 x 39 x 16.5 cm) and then transported to Instituto
Evandro Chagas (Belém-PA), where they remained until the end
of the experiments. All animals were kept in the same room at 23
+ 2°C, with ad libitum access to food and water, and with a 12
h:12 h, light:dark period.

In order to evaluate the neuropathological progression of
prion disease and to determine in each stage of the disease pos-
sible behavioral changes, subjects were organized in two distinct
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experiments: (1) comparative behavioral analysis between albino
Swiss (n = 17) and C57BI6 mice (n = 14); (2) Stereological analy-
sis of neuropathology, in albino Swiss mice, of the disease pro-
gression at early stage into 4 groups (n = 33), according to the
survival time after intrahippocampal injections as follow: Group
A: 12 w.p.i. (n=8); Group B: 15 w.p.i. (n = 9); Group C: 18 w.p.i.
(n=8)and NBH (n = 8).

Behavioral tests. Burrowing. For 2 h daily (from 09 to 11 h)
from the 6 w.p.i.to the 25 w.p.i., all animals were placed in indi-
vidual plastic cages (49 x 17 x 32.5 ¢cm) containing a PVC tube
(20 cm long and 7.2 cm diameter), filled with 150 g of normal
diet food pellets. The open end was supported 3 cm above the
floor. After 2 h, the remaining food in the cylinders was weighed
and the mice returned to their home cage.®!

Open-field. The apparatus consisted of a gray PVC box
(30 x 30 x 40 cm) with the floor divided into 10 cm squares. Each
animal was placed in one corner and remained in the apparatus for
3 min. The number of squares crossed was counted and analyzed.
After each session, the open field was cleaned with ethanol 70%.

Rod bridge. To evaluate motor coordination the mice had to
cross a 48 cm bridge made of wooden rods separated 2 cm of each
other. The time to cross the bridge was recorded.

Biotinylated dextran-amine injections. Two weeks before the
sacrifice at each experimental window, four subjects from each
experimental group were anesthetized with 2,2,2-tribromoetha-
nol (0.02 ml/g of body weight, intraperitonially) and receive a
single iontophoretic injection of 10% biotinylated dextran amine
(BDA) into the right dentate gyrus or left CAl, through a glass
micropipette with 10-20 pm internal tip diameter, in the follow-
ing stereotaxic coordinates: (1) Granular layer of dentate gyrus:
AP 2.0 mm, ML + 1.2 mm and DV-2.0 mm; (2) CA1:-2.0 mm,
medio-lateral: 1.7 mm and depth: 1.6 mm relative to bregma.*

Perfusion and histological procedures. In the 2™ week after
BDA injection all subjects were sacrificed at 12, 15 or 18 w.p.i
infected or normal brain homogenates with an i.p. overdose of
2,2,2-tribromoethanol, perfused through the left ventricle with
heparinized saline for 10 min followed by 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.2-7.4, for 20 min. Brains were
removed from the skull and cut serially at 70 pm thickness on a
vibratome in the horizontal plane.

Histochemistry and immunohistochemistry. As seletive
markers for astrocytes and activated microglia we have used the
immunoreaction to detect glial fibrilaryacidic protein (GFAP) and
the histochemical reactions to detect biotinylated Lycopersicum
esculentum respectively,® and Wisteria floribunda was chosen to
label perineuronal nets.®** Neurons were selectively labeled by
immunohistochemistry to detect Neu-N, a nuclear protein that
is present in the vast majority of post-mitotic neuronal cells of the
vertebrates.*** In mice hippocampal formation, area of interest
of the present report an extensive series of studies already used
Neu-N as selective neuronal marker.?-44

Sections for immunoreactions for GFAP or Neu-N were
rinsed in 0.1 M phosphate buffer and then pretreated for anti-
genic recovering in a solution of boric acid 0.2 M pH 9.0 at 60°C
for 1 h. Sections immunoreacted to detect PrP5¢ were pretreated
in formic acid 96%, 30 min, incubated in trypsin 0.05% at
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Figure 6. Septal region, low and high power, photomicrographs to illustrate GFAP (top) and Lycopersicum esculentum (bottom) reacted sections

after 15 or 18 w.p.i. Graphic representations illustrate the mean values and error bars of the total number of astrocytes and activated microglia in the
septal region and corresponding activation index. Activation index was estimated by the following equation Al ... = (ME718w - NBH)/(ME718w +

= (ME715w - NBH)/(ME715w + NBH) where Al is the activation index in the period
and ME718w, ME715w and NBH are the estimates of the number of objects of interest at 15 and 18 w.p.i. in each region for each experimental group.
Significant differences are indicated by (*) and the probability values by p level; (*) = 0.05; (**) = 0.025; (***) = 0.01. Scale bars: Scale bars: low power 250

room temperature 10 min and then transferred to a solution of
0.1 M citrate buffer, pH 6.0 at 90°C, 1 h. After been rinsed in
0.1 M phosphate-buffered saline (PBS) with Triton X-100 (5%),
sections were incubated in a solution of methanol (100%) and
hydrogen peroxide 0.3% for 10 min. After washing in PBS, the
protocol of Mouse-on-Mouse (MOM) Blocking Kit (Vector
Laboratories, Burlingame, CA) was conducted as follow: MOM
IgG blocking for 1 h, primary antibody for 72 h (GFAP 1:800;
and PrP5¢ 1:50 diluted in 0.1 M PBS), washed in 0.1 M PBS
three times 5 min followed by MOM Biotinylated Anti-Mouse
IgG Reagent for 12 h. Sections were transferred to avidin-biotin-
peroxidase complex (ABC) solution for 1 h and washed again
before incubation in acetate buffer 0.2 M pH 6.0 for 5 min
and revealed in GND solution (diaminobenzidine 0.5 mg/ml,
ammonium nickel chloride 0.6 mg/ml and glucose oxidase).
All steps were carried out under gently and constant agitation.
All chemicals used were supplied by Sigma-Aldrich (Poole, UK)
and Vector Laboratories (Burlingame, CA), and the primary
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antibodies for GFAP MAB360, and Neu-N MAB377 were sup-
plied by Chemicon (CA) and the MCA2460 primary antibody
against protease resistant isoform PrP%¢ by AbD Serotec (Oxford,
UK). Sections used for histochemical reactions to detect bio-
tinylated (tomato) Lycopersicum esculentum and Wisteria flo-
ribunda (Vector Laboratories, Burlingame, CA), were rinsed
in PBS Triton 5% for 20 min and transferred to a solution of
methanol and hydrogen peroxidase 0.3% for 10 min to inhibit
endogenous peroxidase. After washes in PBS, sections were incu-
bated in the lectin solutions (6 wg/ml) overnight at 4°C and then
placed in ABC solution for 1 h and revealed with GND solu-
tion as described previously for immunohistochemistry. Reacted
sections were mounted, dehydrated in alcohol series, cleared in
xylenes, counterstained by Nissl and coversliped with enthelan
(Merck, Darmstadt, Germany) embedding medium.
Microscopy and optical fractionator. We delineated at all
levels in the histological sections the regions of interest, digitiz-
ing directly from sections using low power 3.2x objective on a
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Optiphot-2 microscope (Nikon, Japan) equipped with a motor-
ized stage (MAC200, Ludl Electronic Products, Hawthorne,
NY). This system was coupled to a computer running
Stereoinvestigator software (MicroBrightField, Williston, VT)
used to store and analyzed x, y and z coordinates of digitized
points. In order to detect and count unambiguously the objects
of interest in the dissector probe low power objective was replaced
by a 60x oil immersion planapochromatic objective (NIKON,
NA 1.4). Tables S1 and S2 present experimental parameters and
average counting results from the optical fractionator. The level
of acceptable errors of the stereological estimations was defined
by the ratio between the intrinsic error introduced by the meth-
odology and the coefficient of the variation.”*“* The CE expresses
the accuracy of the cell number estimates, and a value of CE
<0.10 was deemed appropriate for the present study because vari-
ance introduced by the estimation procedure contributes little
to the observed group variance.”¢ The experimental parameters
for each cell marker and regions were established in pilot experi-
ments and uniformly applied to all animals for each marker and
region of interest.
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Absolute numbers and relative indexes of activation. Since
the present report compares different areas and volumes and the
number of neurons, perineuronal nets and glia in each area abso-
lute numbers are difficult to interpret. To aid in the interpre-
tation of the data we thought it was helpful to apply a relative
scale and proportional index to estimate the degree of microglial
activation or reactive astrocytosis in each region of interest as fol-
low: AL, o = (ME718w - NBH)/(ME718w + NBH) where
Al is the activation index at 18 w.p.i. and ME718w and NBH
are the estimates of the number of objects of interest in each
region in the two experimental groups. Similarly the activation
index between ME715w and ME718w weeks were estimated and
applied to different markers AL, .= (ME718w - ME715w)/
(ME718w + ME715w). To express the relative reduction in
the number of perineuronal nets we applied a reduction index
(RI) that was estimated by the following equation RI =

18w/NBH
(ME718w - NBH)/(ME718w + NBH) or RI_ .= (ME715w
- ME718w)/(ME715w + ME7 18w) or RI = (ME715w -

15w/NBH

ME7NBH)/(ME715w + NBH) where RI is the reduction index
in the period and ME718w, ME715w and NBH are the estimates

Volume 5 Issue 3



Septum

© 30000 + - 6000

<

o

o

g 20000 + - 4000
zZ

o &

'$10000 T - 2000

S

s

0 -
NBH 15W 18W
CA1

© 20000 T - 3000

=

(6]

o

3 <+ 2000

< zZ

o3 10000 + &

o

S + 1000

(o)

k3

= o Lo

NBH 15W 18W

Figure 8. Overview of the total numbers of astrocytes, microglia and
PN nets estimations in the septum (top) and CA1 (bottom). Note that
the total number of perineuronal nets (PN) decrease along the disease
progression whereas astrocytes and microglia increase. White and
black columns correspond to astrocytes and microglia respectively
whereas data points correspond to PN nets estimations.

of the number of objects of interest at 15 and 18 w.p.i. ME7- and
NBH-animals. This relative scale for both indexes varies between
0 and 1 and permits direct comparisons between analyzed
regions, intra- and inter-groups.

Cluster analysis. All of the quantitative variables (burrowing,
open field and rod bridge) were submitted to an initial cluster
analysis (tree clustering method, Euclidean distance and com-
plete linkage). We applied this multivariate statistical procedure
to our sample of behavioral data to search for possible classes of
change as a function of time unit of disease progression expressed
in two week intervals. The classes suggested by cluster analysis
were assessed by a forward stepwise discriminant function analy-
sis. Discriminant function analysis is used to determine which
variables discriminate between two or more naturally occurring
groups. The basic idea underlying this procedure is to determine
whether groups differ with regard to the mean of a variable, and
then to use that variable to predict group membership. The soft-
ware used in the present paper (Statsoft) performed comparisons
between a matrix of total variances and covariances, as well as
between matrices of pooled within-group variances and covari-
ances. These matrices were compared via multivariate F tests
in order to determine whether or not there are any significant
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differences (with regard to all variables) between groups. In
the stepforward discriminant function analysis, the computer
program “builds” a model of discrimination step-by-step. In
this model, at each step, the software reviews all variables and
evaluates which one will contribute most to the discrimination
between groups. We applied this procedure to behavioral vari-
ables in order to determine which variables provided the best
separation of classes suggested by cluster analysis. In addition,
arithmetic mean and standard deviation were calculated for the
variables chosen as best predictors for groups. Parametric statisti-
cal analyses by ANOVA, one-way, Bonferroni a priori test, were
applied and statistical differences between groups was accepted as
significant at 95% confidence interval (p < 0.05).

Coefficient of correlations and regressions were also calculated
for the stereological neuropathological data combining differ-
ent markers. All statistical procedures were performed by using
Statistica 6 (Statsoft) or Bioestat 4.0.%

Regions and objects of interest. See Figure S1 in supplemen-
tary material that the polymorphic layer, one of the regions of
interest, is part of the dentate gyrus where we recognize a char-
acteristic laminar organization of its principal cells, the granular
neurons (Fig. S1A).* The limits of CA1/CA2/CA3 were defined
by immunohistochemistry for Neu-N (Fig. S1A and insert) and
by architectonic differences in the neuropil after histochemistry
for Wisteria floribunda where CA2 appears darker than CAl
and CA3 (Fig. S91B). Perineuronal nets estimates included two
types of nets: type I that corresponds to perisomatic and peri-
dendritic nets including secondary tertiary branches and type II
which corresponds to perisomatic and faint primary dendrites
(Fig. S1C). For counting estimates in the septal area, the most
ventral sampled section included the septal region limited lateral
and posteriorly by the lateral and 3rd ventricles, whereas the most
dorsal sampled section was selected by choosing the very first dor-
sal section of the same series where the septal region still can be
recognized between the corpus callosum and the hippocampal
fimbria (Fig. S1D).

Photomicrographic ~ documentation and  processing.
Photomicrographs were taken using a digital camera (Microfire,
Optronics, CA) coupled to a Nikon microscope (Optiphot-2,
NY). Digital images were processed using Adobe Photoshop 7.0
for scaling and adjusting the levels of brightness and contrast.
Selected pictures in the figures were taken from sections of the
subjects of each experimental group with total numbers of objects

of interest nearest the mean value of each region of interest.
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Note

Supplemental material can be found at
www.landesbioscience.com/journals/prion/article/16936
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