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ARTICLEINFO ABSTRACT
Article history: Cholinergic deafferentation of telencephalon is a major factor contributing to cognitive
Accepted 24 May 2010 impairment in Alzheimer’s disease. There is evidence that the degeneration of cholinergic
Available online 1 June 2010 fibers which innervate the cortex and hippocampus is due to the development of neurofibrillary
tangles in the perikarya of origin. Neurofibrillary tangle formation has been modeled in the
Keywords: transgenic pR5 mouse strain that overexpresses the longest human tau isoform together with the
Alzheimer’s disease P301L mutation that has been previously identified in familial cases of frontotemporal dementia
Tau and parkinsonism linked to chromosome 17 (FTDP-17). To test the suitability of the pR5 model as
Cholinergic a model of Alzheimer’s disease concerning the cholinergic innervation of the telencephalon, we

determined the expression of the human tau transgene and the presence of neurofibrillary
changes in the basal nucleus of Meynert, the septal nuclei and the diagonal band of Broca, sources
of cholinergic innervation of the cerebral cortex and hippocampus. We found that the cholinergic
neurons of these nuclei, despite widespread expression of the human tau transgene, neither
expressed human tau nor displayed immunoreactivity with antibodies AT8 and AT180 which
recognize hyperphosphorylated tau. Immunoreactivity for choline-acetyl transferase did not
reveal significant differences between pR5 mice and non-transgenic littermates in the basal
forebrain, cortex and hippocampus. However, in the amygdala dystrophic cholinergic neurites
were observed which were not present in non-transgenic mice. Our data show that although pR5
mice develop neurofibrillary lesions, they do not model the degeneration of basal forebrain
cholinergic neurons observed in Alzheimer’s disease.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction neuropathological alteration (Braak and Braak, 1991; Gémez-Isla

et al., 1996). NFTs are composed of fibrillar forms of the
Two different pathogenetic mechanisms are closely related to microtubule-associated protein tau. The axons of the entorhinal
cognitive impairment in AD. Firstly, entorhinal layer II neurons layer II neurons give rise to the perforant path which projects to

degenerate in AD with the development of NFTs as a major the hippocampal dentate gyrus and the CA3 region (Witter, 1993),
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thus, in AD, an important segment of the structural basis of short-
term memory becomes disrupted (Hyman et al., 1984, 1990; Braak
and Braak, 1993). Secondly, there is shrinkage (Pearson et al., 1983)
and loss of cholinergic perikarya in the NbM (Whitehouse et al.,
1982) as well as loss of their terminal projections to the cerebral
cortex which leads to an impairment of acetylcholine-mediated
modulation in cortical neurotransmission (McGehee et al., 1995;
Efange et al., 1997). Reduced cortical ChAT-activity (Perry et al.,
1981; DeKosky et al., 1992; Bierer et al., 1995) and neuropatholog-
ical changes in the NbM (Iraizoz et al., 1999) have been shown to
correlate with the severity of dementia. For the neurons in the
NbM, too, evidence has been presented that their degeneration is
associated with neurofibrillary changes (Saper et al., 1985; Cullen
and Halliday, 1998; Mesulam et al., 2004). Cytoskeletal changes in
the NbM are morphologically different from cortical NFTs in
displaying a spherical appearance. They are already present in
stage I of cortical neurofibrillary pathology and develop in parallel
with cortical neurodegeneration (Sassin et al., 2000, but see Cullen
and Halliday, 1998).

One way to model the cholinergic deficit in AD is to
experimentally lesion the cholinergic innervation of rats by
stereotactic targeting or injection of IgG-saporin. This causes
learning impairments, which were attributed to deficits in
regulating attention rather than in memory itself (Chiba et al,,
1999; Galani et al.,, 2002). Direct lesioning of the cholinergic
afferents in the posterior parietal cortex, for example, results in a
failure to increase attention to a conditioned stimulus (Bucci et al.,
1999), whereas a selective lesion of ChAT-positive neurons in the
MS and VDB which innervate the hippocampus disrupts decre-
ments of conditioned stimulus processing (Baxter et al., 1997). In
AD, the dual impairment of memory and regulation of attention
(entorhinal and cholinergic lesions) may foster and aggravate
cognitive decline (Sarter et al., 2003; Cassel et al., 2008). Lesioned
rats, however, develop neither amyloid deposits nor neurofibril-
lary changes, both histopathological hallmarks of AD (reviewed in
Gonzalez de Aguilar et al., 2008; Cassel et al., 2008).

Reversible hyperphosphorylation of tau in basal forebrain
cholinergic neurons in Syrian hamsters during hibernation
has been reported (Hartig et al., 2007; Su et al., 2008), but this
physiological regulatory mechanism does not seem to proceed
to the formation of tangles and does not allow behavioral
testing of the animals when tau is hyperphosphorylated.

As a transgenic animal model may come closer to the
changes in the human NbM, we analyzed the pR5 mouse
strain, a well established model of tauopathy which develops
NFTs due to overexpression of the longest human tau (htau)
isoform (2*3"4R) together with the P301L mutation, under
control of the neuron-specific mThy1.2 promoter (Gotz et al.,
2001; Pennanen et al.,, 2004). The P301L mutation causes
early-onset FDTP-17 in humans (Hutton et al.,, 1998). pR5
mice have been established as a valuable model for AD, in
combining the amyloid plaque and NFT pathology by
generating triple transgenic mice resulting from a cross of
PRS mice with mutant APP and presenilin 2-expressing mice
(Rhein et al.,, 2009; Grueninger et al., 2010). Here, we
determined whether pR5 mice model the basal forebrain
cholinergic lesion observed in AD by analyzing telencephalic
cholinergic neurons in the NbM, septum, diagonal band and
caudate-putamen for transgene expression and signs of
neurodegeneration.

2. Results

2.1. Cholinergic neurons of P301L tau transgenic pR5 mice
appear normal

The rodent equivalents of the primate NbM are the magnocel-
lular nuclei in the ventral globus pallidus, the substantia
innominata and the lateral preoptic area, collectively named
nucleus basalis magnocellularis. We use in this report the
abbreviation NbM also for the nucleus basalis magnocellularis.
The NbM provides the major cholinergic innervation of the
cerebral cortex and amygdala together with the HDB, whereas
the vast majority of the cholinergic innervation of the hippo-
campus originates in the MS and VDB. The distribution of
cholinergic neurons in the basal forebrain of pR5 mice revealed
by ChAT-immunoreactivity was in line with previous studies in
rodents (Nagai et al., 1982; McKinney et al., 1983; Satoh et al,,
1983; Carlsen et al., 1985; Kitt et al., 1994).

At visual examination, ChAT-ir cholinergic neurons in the
NbM exhibited no obvious differences in distribution, morphology
or staining intensity between pR5 mice and non-tg littermates.
This was confirmed by cell counts in sections at three levels
relative to Bregma which revealed no significant differences
between both groups of mice (number/level, means+SEM: non-
tg=77+7.07,50.67 +2.84, 37.50+2.67, pR5=77.17 +5.43, 47.67 +3.10,
42.5+3.15) (Fig. 1). The analysis of the area of individual ChAT-ir
profiles in the NbM also revealed no significant differences (area,
mean +SEM: non-tg=79.70+2.10 pm?, pR5=84.42+2.23 um?). The
representation of the data in box plots (not shown) or histograms
(Fig. 2) showed a similar distribution. The distributions were
compared using the Kolmogrov-Smirnov test which resulted in a
P value of 0.131 indicating a similar spectrum of profile sizes in
both groups of mice.

Within the MS, cholinergic neurons were distributed in pR5
mice and non-tg littermates in an inverted V shaped pattern. The
VDB continues caudally from the MS in a vertical fashion before
separating into two HDBs. ChAT-immunoreactivity of the
neuronal perikarya in the MS and VDB appeared similar in pR5
mice and non-tg littermates. Numbers of cholinergic neurons in
the MS and VBD at all three levels relative to Bregma examined
were not significantly different between pR5 mice and non-tg
littermates (number/level, means + SEM: non-tg=46.8+3.01,61.2+
475, 456+3.70, pR5=49.4+581, 62.2+3.53, 43.6+2.54) (Fig. 3).
The same was found for the mean area of ChAT-ir profiles (area,
mean+SEM: non-tg=77.63+1.84 ym?% pR5=76.85+1.80 um?).
Again, the data appeared similarly distributed (Fig. 4) which was
confirmed by the Kolmogrov-Smirnov test (P=0.553).

The LS can be subdivided into dorsal, intermediate and
ventral nuclei (Swanson and Cowan, 1979). Perikarya of
cholinergic neurons were present in the LS at Bregma positions
0.74 to 0.14. These neurons lay mainly in the intermediate part
of the LS, but ventrally they were relatively scarce and dorsally,
the lowest numbers were observed. Their staining intensity was
faint as compared to those present in the MS. Numbers,
morphology and staining intensity of these cholinergic neurons
were comparable between pR5 mice and non-tg littermates
(Fig. 3). The staining intensity of ChAT-ir neurons in the HDB
was intense in both the pR5 mice and non-tg littermates (not
shown).
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Fig. 1 - Distribution and numbers of cholinergic neurons in
the lateral globus pallidus and substantia innominata of
P301L tau transgenic pR5 mice. (a, b) 4% PFA-fixed, 5 pm
thick, coronal sections obtained from an age- and
gender-matched pR5 mouse and non-tg littermate. ChAT-ir,
cholinergic neurons located in the left lateral globus pallidus
and substantia innominata appear similar in distribution,
morphology and staining intensity. (c) There is no significant
difference in the number of ChAT-ir neuronal perikarya at
each of the three levels relative to the Bregma analyzed. The
positions of the sections relative to the Bregma are indicated
below the respective values. Values represent means+SEM
of six mice per group. Scale bar a, b 100 pm.

Terminal processes of basal forebrain cholinergic neurons
in the cerebral cortex and hippocampus of pR5 mice and non-
tg littermates appeared similar (Fig. 5). Contrary to Satoh et al.
(1983) and Kitt et al. (1994) we frequently observed small
ChAT-ir neurons in upper cortical layers often displaying a
clear bipolar morphology in both groups of mice. Moderately
enlarged, spherical ChAT-ir structures reminiscent of dystro-
phic cholinergic neurites were rare in the cortex and
hippocampus of both pR5 mice and non-tg littermates. The
lateral and basolateral amygdaloid nuclei of pR5 mice
contained cluster of vacuolated, enlarged, ChAT-ir terminals,
which were not observed in non-tg littermates. They were not
frequent but occasionally seen in four out of six mice; in two
mice in the lateral and in two mice in the basolateral
amygdaloid nuclei (Fig. 6).
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Fig. 2 - Quantification of ChAT-immunoreactivity in the
lateral globus pallidus and substantia innominata from both
sides. (a) There is no significant difference between the mean
area of individual ChAT-ir profiles of non-tg and pR5 mice
analyzed at position -0.7 to -0.94 relative to Bregma. Values
represent means+SEM of 379 and 388 profiles respectively.
Profiles smaller than 100 pixel (=26.99 pm?) which
morphologically appear as small fragments of cells were
excluded from the analysis. (b) The histogram shows a
similar distribution of ChAT-ir profiles in the lateral globus
pallidus and substantia innominata in non-tg and pR5 mice.

2.2. Lack of expression of htau in cholinergic neurons of
PR5 mice

The HT7 antibody specifically recognizes htau independent of
the state of phosphorylation and thus can be used to visualize
those neurons in the pR5 brain that express the human tau
transgene (Gotz et al., 2001). The extent of HT7-immunoreac-
tivity varied between individual mice, but all mice examined
showed the same pattern of expression. Within the cell
clusters of the NbM, HT7-ir was generally absent (Fig. 7); only
very few HT7-ir neuronal perikarya were found and only in
those mice that displayed a generally strong HT7-immuno-
reactivity. HT7-ir neuronal perikarya were not seen in the MS
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Fig. 3 - Distribution and numbers of cholinergic neurons in
the septum of P301L tau transgenic pR5 mice. a, b 4%
PFA-fixed, 5 pm thick, coronal sections from a pR5 mouse (a)
and age- and gender-matched non-tg littermate (b). ChAT-ir,
cholinergic neurons in the medial septum (MS), intermediate
part of the lateral septum (LSI) and vertical limb of the
diagonal band (VDB) appear similar in distribution,
morphology and staining intensity. ChAT-ir, cholinergic
neurons in the LSI of both groups are less intensively
stained. (c) There is no significant difference in the number of
ChAT-ir neuronal perikarya at each of the three levels
relative to Bregma analyzed. The positions of the sections
relative to the Bregma are indicated below the respective
values. Values represent means + SEM of five mice per group.
aca anterior commissure, anterior. Scale bar a, b 200 um.

(Fig. 8). In the dorsal LS, a few HT7-ir neuronal perikarya were
present, increasing in numbers posteriorly. Both the VDB and
HDB did not stain with the HT7 antibody (not shown).
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Fig. 4 - Quantification of ChAT-immunoreactivity in the
medial septum and vertical limb of the diagonal band. (a)
There is no significant difference between the mean area of
individual ChAT-ir profiles of non-tg and pR5 mice analyzed
at position 0.86 to 0.74 relative to Bregma. Values represent
means+SEM of 450 and 431 profiles respectively. Profiles
smaller than 100 pixel (=26.99 pm?) were excluded from the
analysis. (b) The histogram shows a similar distribution of
ChAT-ir profiles in the medial septum and vertical limb of the
diagonal band in non-tg and pR5 mice.

2.3. Hyperphosphorylation of tau is not detectable
in cholinergic neurons of pR5 mice

PR5 mice are characterized by hyperphosphorylation of tau at
many epitopes including AT8 (S202/T205) and AT180 (T231/
$235) in many regions of the brain (Gotz et al., 2001; Deters et al.,
2008). However, within the cell clusters of the NbM, there were
no neuronal perikarya displaying tau hyperphosphorylation at
either epitope, except for sporadic neurons (Fig. 7). To investi-
gate whether these AT8- and AT180-positive neurons are
cholinergic, double staining for AT8 or AT180 and ChAT was
performed, however, no co-localization was found (Fig. 9a).

In the MS, three of six pR5 mice displayed AT180-immunola-
beling of neuronal perikarya, while AT8-immunolabeled
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Fig. 5 - Terminal cholinergic fibers in the hippocampus of P301L tau transgenic pR5 mice. 4% PFA-fixed, 5 pm thick, coronal sections
from a non-tg littermate (a, c) and age- and gender-matched pR5 mouse (b, d). (a, b) ChAT-ir, cholinergic fibers in the hippocampus
of non-tg littermates and pR5 mice appear similar in distribution and density. (c) A section from a non-tg littermate consecutively
stained for ChAT and with antibody AT180 shows cholinergic fibers around CA1 pyramidal cells at higher magnification and the
absence of AT180-immunoreactivity. (d) An area corresponding to c from a pR5 hippocampus showing a similar plexus of
cholinergic fibers and widespread AT180-immunoreactivity in perikarya and dendrites of CA1 pyramidal cells. GrDG granular layer
of dentate gyrus, LMol lacunosum moleculare layer, Mol molecular layer of dentate gyrus, or oriens layer, PoDG polymorph layer of
dentate gyrus, py pyramidal cell layer, rad stratum radiatum. Scale bar a, b 100 pm and ¢, d 20 pm.

neuronal perikarya were observed only in one of the AT180-ir
mice (Fig. 8). These neurons were not cholinergic as determined
by double staining for AT8 or AT180 and ChAT (Figs. 9b, ¢). In the
dorsal LS, a few AT8 and AT180-ir neuronal perikarya were
present, increasing in numbers posteriorly similar to HT7-ir
neuronal perikarya. As for the MS, there was more AT180- than
AT8-immunoreactivity: five out of six mice examined showed
AT180-ir perikarya while only three mice showed AT8-ir neuronal
perikarya. Again, these neurons were not ChAT-ir (not shown). In
addition to neuronal perikarya, the LS contained HT7-, AT8-, and
AT180-ir fibers (Fig. 8). For comparison, in the rat, fibers in the LS

were shown to originate from hippocampal pyramidal cells of all
CA fields (Swanson and Cowan, 1979). CA pyramidal neurons of
PR mice strongly express htau suggesting that the HT7-, AT8-, and
AT180-ir fibers in the LS are projections from htau-expressing
neurons located in the hippocampus (Deters et al., 2008; own
unpublished observations).

For both the VDB and HDB of pR5 mice, AT8 and AT180
antibodies revealed few immunoreactive neurons (not
shown). AT180-immunolabeled neurons were seen in the
VDB and HDB of all pR5 mice examined, but AT8-immunola-
beled neurons were observed in only one out of six mice.
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Fig. 6 — Terminal cholinergic fibers in the basolateral
amygdaloid nucleus of P301L tau transgenic pR5 mice. 4%
PFA-fixed, 5 pm thick, coronal sections from a non-tg
littermate (a) and age- and gender-matched pR5 mouse (b).
(a, b) ChAT-ir, cholinergic fibers in the basolateral
amygdaloid nucleus of non-tg littermates and pR5 mice
appear similar in distribution and density, but clusters of
enlarged cholinergic fibers (arrows) are only present in pR5
mice. Scale bar 20 um.

2.4. Lack of expression in the caudate-putamen

We also included cholinergic interneurons of the caudate-
putamen in our investigation. These interneurons neither
expressed htau nor displayed AT8- or AT180-immunoreactivity,
while bundles of fibers were immunoreactive with HT7 and
AT180 (Fig. 10). These fibers are likely to originate from the
neocortex, mainly from lamina V neurons, as shown for the rat
(McGeorge and Faull, 1989). Likewise, HT7- and AT180-ir fibers in
the lateral globus pallidus and internal capsule (Fig. 7) may
originate in the cortex (Naito and Kita, 1994; Zaborszky et al.,
1997). In line with this, cortical neurons of pR5 mice, located in
layer V of isocortical areas, express htau (are HT7-ir) and display
AT8- and AT180-immunoreactivity (Fig. 10). The immunohisto-
chemical results are summarized in Table 1.

3. Discussion

Of the mutations leading to FTDP-17 in humans, the P301L
mutation is the most frequent exonic mutation, leading to a
neuronal and glial pathology (Mirra et al., 1999; Reed et al., 2001;

Miyasaka et al., 2001; Wszotek et al., 2005; Whitwell et al., 2009).
The pathology caused by the P301L mutation in humans varies.
Severe affection of the frontal and temporal lobes is most
consistently seen. Greater loss of gray matter has been observed
in the lateral temporal lobes whereas the medial temporal lobes
are relatively spared (Whitwell et al., 2009). The involvement of
the entorhinal cortex, hippocampus and amygdala is variable
(Reed et al., 2001). Typically there is a degeneration of the upper
cortical layers (Reed et al., 2001; Miyasaka et al., 2001; Wszolek
et al., 2005). Two reports mention the affection of the NbM or
substantia innominata by this mutation (Nasreddine et al., 1999;
Bird et al., 1999; reviewed in Wszotek et al., 2005).

Using HT7-immunoreactivity, in human P301L mutant tau
expressing pR5 mice, we did not observe expression of human tau
in cholinergic neurons of the NbM, MS, LS, diagonal band of Broca
and caudate-putamen, but in keeping with previous studies there
was strong expression of the transgene in the amygdala,
hippocampus and cortical layers V and VI (Gotz et al.,, 2001;
Pennanen et al., 2004; Deters et al., 2008). This differential pattern
of transgene expression is in part caused by the insertion site of
the transgene (Wallace et al., 2000; Houdebine, 2002). It is also
determined by the mThyl.2 promoter and other sequence
elements on the expression vector that has been used to drive
expression of the transgene in the pR5 mice. In K369I mutant tau
expressing K3 mice, in comparison, that used the same expres-
sion vector, the transgene is in addition expressed in the
substantia nigra pars compacta, resulting in parkinsonism as a
defining feature; this is likely due to a unique integration site of
the transgene (Ittner et al., 2008, 2009). Comparison of the
expression pattern of htau in pR5 mice, however, with that of
GAP-43 or CAP-23, also driven by the mThy1.2 promoter, in adult
mice from a total of eight transgenic lines (Caroni, 1997) reveals
several similarities. Across all lines, strong expression was
observed in the amygdala and hippocampus. In the cerebral
cortex expression was most consistently seen in cortical layers V
and VI. There was little expression in the hypothalamus and in
four of the eight strains examined the transgene was not
expressed in the caudate-putamen. In the brainstem the
transgene was consistently expressed e.g. in the motor nucleus
of the trigeminus where we also observed a marked HT7-
immunoreactivity in pR5 mice (own unpublished results).

Closely following the distribution of HT7-immunoreactivity,
hyperphosphorylation of tau in the basal forebrain was nearly
absent from the NbM, MS, intermediate and ventral parts of the
LS, VDB, HDB and caudate-putamen. We observed AT8- and
AT180-immunoreactivity of a few non-cholinergic cells in the
NbM, MS and diagonal band without corresponding HT7-
staining which may be due to hyperphosphorylation of
endogenous mouse tau which shares phospho-epitopes with
human tau (Kurtetal., 2001), or levels of htau may have been too
low to be detected with HT7. As shown for the basal forebrain of
the rat, subpopulations of neurons expressing different calcium
binding proteins are distributed throughout cholinergic nuclei.
Whereas parvalbumin-containing neurons are mainly large
cells, the calbindin- and calretinin-expressing subpopulations
include small to medium-sized neurons (Gritti et al., 2003).
These appear morphologically similar to the cells which display
hyperphosphorylated tau in this study.

In all pR5 mice examined, AT8-immunoreactivity was less
pronounced in the basal forebrain when compared to AT180-
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Fig. 7 - Expression of human tau and hyperphosphorylation of tau in the lateral globus pallidus and substantia innominata of
P301L tau transgenic pR5 mice. a-d 4% PFA-fixed, 5 pm thick, coronal sections through the left basal forebrain of a pR5 brain
showing: (a) ChAT-positive, cholinergic neurons located in the left lateral globus pallidus (LGP) and substantia innominata (SI);
(b) lack of htau expression in cholinergic neurons, but expression in the anterior cortical amygdaloid nucleus (Aco) as well as its
presence in fibers in the lateral globus pallidus and internal capsule (ic); (b, ¢, d) correspondence of htau expression to the presence
of AT8- and AT180-epitopes and (c, d) the more widespread distribution of hyperphosphorylation at T231/S235 (AT180 epitope)
compared to hyperphosphorylation at S$202/T205 (AT8 epitope). Arrows point to examples of occasional neurons displaying
hyperphosphorylated tau. Scale bar 200 pm.

immunoreactivity. This observation fits well with the time hippocampus and cortex as reported by Deters et al. (2008). The
course and divergent pattern of the appearance of aberrant correspondence of HT7-, AT8-, and AT180-immunoreactivity
phospho-epitopes in the brains of pR5 mice for the amygdala, suggests that with a few possible exceptions only those neurons
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Fig. 8 - Human tau expression and hyperphosphorylation of tau in the septum of P301L tau transgenic pR5 mice. a-d 4%
PFA-fixed, 5 pm thick, coronal sections through the septum of a pR5 brain. (a) ChAT-positive cholinergic neurons and processes
are located in the medial septum. (b) htau is not expressed in the medial septum, but there is dense staining of processes in the
lateral septum. (c) Occasional cells (arrows) display hyperphosphorylation at S202/T205 (AT8 epitope). There is also
hyperphosphorylation at S202/T205 in processes in the lateral septum. (d) Compared to hyperphosphorylation at S202/T205,
there are more cells showing hyperphosphorylation at T231/5235 (AT180 epitope) in the medial septum (arrows point to
examples), but there is less staining of processes in the lateral septum. Scale bar a-d 100 pm.

in pR5 mice which express mutated htau at sufficiently high the pR5 brain is mainly caused by properties of the promoter. A
levels develop tau pathology. Taken together, our findings wide range of phenotypes in transgenic mice expressing htau
suggest that the distribution of hyperphosphorylated tau within with the P301L mutation demonstrates the impact of the
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Fig. 9 - Neurons displaying hyperphosphorylation of tau in the
substantia innominata and septum of P301L tau transgenic
PRS mice are not cholinergic. a-c 4% PFA-fixed, 5 pm thick,
coronal sections through the right substantia innominata and
medial septum of pR5 mice. (a) In the substantia innominata,
occasional non-cholinergic neurons (arrows) display the
AT180 epitope. (b) Occasional non-cholinergic neurons
(arrows) in the medial septum display the AT8 epitope. There
is also pronounced staining of fibers in the lateral septum
(asterisks). (c) As shown by comparison to a consecutive
section, numbers of AT180-ir neurons exceed those of AT8-ir
neurons in the medial septum. Scale bar a-c 50 pm.

promoter used to drive transgene expression (Lewis et al., 2000;
Ramsden et al., 2005; Murakami et al., 2006; reviewed in Gotz and
Ittner, 2008; Gotz and Gotz, 2009). Interestingly, the expression
pattern of the transgene has been correlated with functional
impairment: regions severely affected by neurofibrillary pathol-
ogy in pR5 mice—such as the basolateral amygdaloid nucleus

and hippocampus—have a crucial role in functions that are
impaired in 6-11 month-old pR5 mice, as shown by an
accelerated extinction of conditioned taste aversion and an
impairment of spatial reference memory, while spatial working
memory was intact (Pennanen et al., 2004, 2006).

The mechanisms contributing to the selective vulnerability
of NbM cholinergic neurons in AD are unclear. Using the
TUNEL method DNA fragmentation was not observed in the
NbM of AD brains, but the apoptotic signal Fas-associated
death domain was localized in NbM cholinergic neurons (Wu
et al., 2005). Because of their dependence on nerve growth
factor, down regulation of TrkA gene expression in NbM
cholinergic neurons during the progression of AD is likely to be
an important factor (Ginsberg et al., 2006a). A decrease of
3Rtau mRNA relative to 4Rtau mRNA during the progression of
AD could ultimately lead to NFT formation (Ginsberg et al,,
2006b). However, NFTs may not be directly related to the death
of a neuron and tangle-bearing neurons may survive for about
20 years as suggested by a theoretical model based on data
from CA1 neurons (Morsch et al., 1999).

In the absence of transgene expression in basal forebrain
cholinergic neurons, pathological processes in the cortex and
hippocampus could still lead to a functional impairment via
retrograde degeneration. Pathological changes in the cortex and
hippocampus of pR5 mice include, in addition to neurofibrillary
changes, astrocytosis and DNA fragmentation in cortical areas
(Gotz et al.,, 2001). Having used ChAT immunostaining the
present study did not reveal any difference between basal
forebrain cholinergic neurons of pR5 mice and non-tg litter-
mates, however, it does not exclude changes that are beyond
detection with the methods used in this study. To the best of our
knowledge cholinergic neurons in the basal forebrain have as
yet not been investigated by others in tau transgenic mouse
models (reviewed in: Cassel et al., 2008). This however has been
done in strains overexpressing APP, with and without preseni-
lins, both key proteins involved in AD; these did not find that
cortical and hippocampal neuropathology leads to degeneration
of ChAT-ir, cholinergic neurons in the basal forebrain (Wong
et al.,, 1999; Hernandez et al., 2001; Boncristiano et al., 2002;
German et al., 2003; Perez et al., 2007). In young and middle-aged
APP*"¢/PS1AE9 transgenic mice, numbers of cholinergic neurons
in the NbM or ChAT optical density measurements were not
significantly different when compared to non-tg mice; however,
the area of cholinergic neurons in the NbM of old APP*"¢/PS1AE9
transgenic mice was significantly enlarged compared to non-tg
mice (Perez et al., 2007). Similar results were reported for the
APP23 and PDAPP strains. There was no loss of basal forebrain
cholinergic neurons in aged APP23 and PDAPP mice compared to
young transgenic mice, suggesting that the loss of cholinergic
fibers observed in the cortex and hippocampus of these mice
was locally induced by the deposition of beta-amyloid in these
areas (Boncristiano et al., 2002; German et al., 2003).

Dystrophic cholinergic terminals in the vicinity of amyloid
were observed in AD patients and in mice expressing genetically
altered APP with and without presenilin 1 (Wong et al., 1999;
Boncristiano et al., 2002; German et al., 2003; Masliah et al., 2003;
Kohler et al,, 2005). Among different neurotransmitter systems,
cholinergic terminals seem to be the most vulnerable (Bell et al.,
2006). Despite widespread hyperphosphorylation of tau in the
cortex and hippocampus of pR5 mice, we found only a few
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Fig. 10 - Correspondence between htau expression and hyperphosphorylation of tau in the caudate-putamen and cortex of
P301L tau transgenic pR5 mice. a, b 4% PFA-fixed, 5 pm thick, coronal sections through the left caudate-putamen and primary
somatosensory cortex of a pR5 brain showing (a) ChAT-ir cholinergic interneurons in the caudate-putamen (arrows point to
examples) and a fine cholinergic fiber plexus in the matrix which leaves striosomes unstained. (b) HT7-immunoreactivity in the
caudate-putamen is confined to fibers. (c) Similar to HT7-immunoreactivity only fibers display the AT180-epitope. (d) Neurons
which express htau are located in layer V of the primary somatosensory cortex. Roman numerals indicate cortical layers. (e) The
distribution of AT180-ir in the primary somatosensory cortex follows the pattern of transgene expression. Bar a-d 100 pm.

moderately altered cholinergic neurites similar to non-tg (Deters et al., 2008). However, there is little neurofibrillary
littermates. It is unclear whether neurons which contain pathology in the lateral amygdaloid nucleus where this type of
hyperphosphorylated tau are functionally impaired and wheth- dystrophic neurite was also observed.

er it would have an effect on their cholinergic innervation. We In conclusion, as a consequence of overexpressing P301L

observed an advanced type of ChAT-ir dystrophic neurite in the mutant htau, pR5 mice develop widespread hyperphosphor-
basolateral amygdaloid nucleus of pR5 mice that coincides with ylation of tau leading to neurofibrillary lesions mainly in the
the presence of many tangle-bearing neurons in this nucleus amygdala and hippocampus. Most of the histological
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Table 1 - The table presents a summery of the results from
immunohistochemical stainings of the basal forebrain of

PR5 mice for choline-acetyl transferase (ChAT) and with
antibodies HT7, AT8 and AT180.

Neuronal perikarya in ~ ChAT HT7 AT8  AT180
NbM bk X * *
LS, dorsal part * * * *
LS, intermediate part o 0 0 0
LS, ventral part = 0 0 0
MS . 0 * "
HDB ok 0 B -
VDB . 0 * ok
Caudate-putamen o 0 0 0

ook

0 none, * a few, ** some, many, HDB horizontal limb of the
diagonal band of Broca, LS lateral septal nucleus, MS medial
septum, NbM nucleus basalis magnocellularis, VDB vertical limb
of the diagonal band.

distribution of the aberrant phospho-epitopes investigated in
this study closely corresponds to the pattern of selective
expression of the transgene produced by the mThyl.2
promoter. Therefore, while pR5 mice faithfully replicate
many aspects of the human AD pathology, they do not
model the involvement of basal forebrain cholinergic neurons
in AD.

4, Experimental procedures

4.1. Animals

Transgenic pR5 mice have been previously generated on a
B6D2F2 background followed by intercrossing with C57BL/6
mice to establish lines. They express the longest human tau
isoform, htau40, together with the pathogenic mutation P301L
that has been previously identified in FTD. Transgene
expression is driven by a modified version of the mThy1.2
promoter that confers neuronal expression (Gotz et al., 2001).
For the present study, pR5 mice were further backcrossed to
C57/BL6 (obtained from Harlan, Horst, The Netherlands) seven
times (in the Department of Anatomy, Cologne, Germany). At
20 months of age, the basal forebrains of eight female
heterozygous pR5 mice and six female non-transgenic litter-
mates were analyzed. Animals were kept under standard
conditions with food and water ad libitum and were handled
according to the guidelines of the animal care committee of
the University of Cologne.

4.2. Antibodies

The following primary antibodies were used: goat polyclonal
antibody to ChAT (Millipore, Schwalbach/Taunus, Germany,
catalog # AB144P; diluted 1:200, this antibody was widely used
for immunostaining of cholinergic neurons, the data sheet
provides a list of 49 references); mouse monoclonal antibody
HT7 specific for human tau (amino acids 159-163) (Thermo
Scientific Pierce Protein Research Products, Rockford, USA,
catalog # MN1000; 1:400); mouse monoclonal antibody AT8
specific for tau phosphorylated at Ser202 and Thr205 (Thermo

Scientific Pierce Protein Research Products, Rockford, USA,
catalog # MN1020; 1:1000) (Goedert et al., 1995); and mouse
monoclonal antibody AT180 specific for tau phosphorylated at
Thr231/Ser235 (Thermo Scientific Pierce Protein Research
Products, Rockford, USA, catalog # MN1040; 1:1400 and
1:2400) (Goedert et al., 1994).

4.3.  Tissue processing and immunohistochemistry

Methods of tissue processing and immunohistochemical
staining of paraffin sections have recently been published
(Kohler, 2010). Sections were pretreated (except for antibody
HT7 staining) by boiling for 3x5 min in citrate buffer (pH 6.0) in
a microwave oven. The color reaction for ChAT staining was
terminated when small processes became visible in the cortex.

4.4. Double staining

To demonstrate the expression of htau or hyperphosphorylated
tau and cholinergic neurons in the same sections, these were
consecutively stained: first with antibodies HT7, AT8 or AT180
and then for ChAT. If combined with HT7 staining, microwave
pretreatment for ChAT was omitted and a higher concentration
of the ChAT antibody (1:100) was used. Bound AT8/AT180/HT7
antibodies were finally visualized using DAB with nickel
enhancement resulting in a deep blue-gray reaction product.
Before staining for ChAT, the peroxidase from the previous stain
was blocked by incubating the sections in 0.3% H,0, in TBS for
30 min at RT. The ChAT antibody reaction was followed by a
peroxidase-coupled anti-goat (1:20, Linaris, Germany) second-
ary antibody. DAB without nickel enhancement results in a
brown reaction product indicating ChAT antibody binding. For
double staining of cholinergic terminals and hyperphosphory-
lated tau ChAT staining was done first followed by staining with
antibody AT180.

4.5. Quantification of ChAT-immunoreactivity in the NbM
and septum

Structures were identified according to the mouse brain atlas
of Paxinos and Franklin (2001). ChAT-ir neurons dispersed in
the lateral globus pallidus and substantia innominata of both
sides were counted in three sections evenly distributed from
approximately Bregma positions —-0.34 to —1.34 at 400x total
magnification if they displayed a visible nucleus. Cholinergic
interneurons in the caudate-putamen and cholinergic neu-
rons located on the border between the caudate-putamen and
lateral globus pallidus as well as small, weakly stained
neurons extending into the lateral hypothalamic area were
excluded. ChAT-ir neurons in the medial septum and vertical
limb of the diagonal band of Broca were similarly counted in
three sections evenly distributed from approximately Bregma
positions 1.10 to 0.62. Because there is no distinctive border
between the vertical and horizontal limbs of the diagonal band
at Bregma positions 1.10 to 0.74, a line drawn perpendicular to
the long axis of the medial septum at the level of its outer
ventral border was used to delineate the vertical and
horizontal limbs of the diagonal band. This led to the inclusion
of a few cholinergic neurons in the horizontal limbs of the
diagonal band. At Bregma position 0.62 neurons in the medial
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septum were clearly separated from neurons in the horizontal
limbs of the diagonal band.

To measure the area of ChAT-ir profiles in the lateral globus
pallidus/substantia innominata and medial septum, images
from the respective areas were taken at 200x total magnification
using an Olympus VANOX AHBT3-microscope equipped with an
XC-10digital camera (Olympus Soft Imaging Solutions, Miinster,
Germany) at Bregma positions -0.7 to -0.94 and 0.86 to 0.74
respectively. Individual ChAT-ir profiles were automatically
recognized as “particles” by the cell’ software (Olympus Soft
Imaging Solutions, Miinster, Germany) according to thresholds
set for pixel values of hue, saturation and intensity. The area of
the profiles was calculated by the program. Automatic recogni-
tion of “particles” by the program was checked and manually
corrected if necessary. The lower threshold for saturation was
set slightly higher for globus pallidus/substantia innominata
measurements, otherwise thresholds were kept constant dur-
ing all measurements.

4.6. Digital imaging

Stained sections were examined with an Olympus VANOX
AHBT3-microscope equipped with a XC10 digital camera
(Olympus Soft Imaging Solutions, Miinster, Germany) or an
Olympus BX40-microscope equipped with phase contrast and
a ColorView II digital camera (Olympus Soft Imaging Solutions,
Minster, Germany). Digital images were processed for color,
brightness and contrast using picture publisher 8 (Micrografx)
or Adobe Photoshop 5.0. Small tissue damages were retouched
without altering the scientific information.

4.7. Statistical analysis

The SPSS 16.0 software was used for statistical analysis.
Students T-test was used for comparison of the means if the
data were normally distributed; if not, the Mann-Whitney-U-
Test was used. P values of <0.05 were considered statistically
significant.
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