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Abstract

Triple transgenic (3xTg-AD) mice harboring the presenilin 1, amyloid precursor protein, and tau
transgenes (Oddo et al., 2003) display prominent levels of amyloid-beta (AB) immunoreactivity in
forebrain regions. The AB immunoreactivity is first seen intracellularly in neurons and later as
extracellular plaque deposits. The present study examined Ap immunoreactivity that occurs in layer
I11 of the granular division of retrosplenial cortex (RSg). This pattern of Ap immunoreactivity in
layer 111 of RSg develops relatively late, and is seen in animals older than 14 mo. The appearance of
the AB immunoreactivity is similar to an axonal terminal field and thus may offer a unique opportunity
to study the relationship between afferent projections and the formation of AB deposits. Axonal tract
tracing techniques demonstrated that the pattern of axon terminal labeling in layer 111 of RSg,
following placement of Dil in medial septum, is remarkably similar to the pattern of cholinergic
axons in RSy, as detected by acetylcholinesterase histochemical staining, choline acetyltransferase
immunoreactivity, or p75 receptor immunoreactivity; this pattern also is strikingly similar to the band
of Ap immunoreactivity. In animals sustaining early damage to the medial septal nucleus (prior to
the advent of Ap immunoreactivity), the band of AB in layer Il of RSg does not develop; the
corresponding band of cholinergic markers also is eliminated. In older animals (after the appearance
of the AB immunoreactivity) damage to cholinergic afferents by electrolytic lesions, immunotoxin
lesions, or cutting the cingulate bundle, result in a rapid loss of the cholinergic markers and a slower
reduction of AB immunoreactivity. These results suggest that the septal cholinergic axonal
projections transport AB or APP to layer 111 of RSg.
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The presence in the brain of beta amyloid (AB ) plaques is one of the hallmark characteristics
of Alzheimer’s disease (AD) (Glenner and Wong, 1984; Hardy and Higgins, 1992; Selkoe,
1996; Auld et al., 2002; Hardy, 2006). Amyloid plaques are made up primarily of the 42-amino
acid sequence peptide known as A3, which accumulates both intracellularly and extracellularly,
(Weidemann et al., 1989; LaFerla et al., 2007). Both intracellular Af and extracellular plaque
accumulations of Af} have been shown to be damaging to neurons (Walsh and Selkoe, 2004;
Cleary et al., 2005; Lesne et al., 2006). While it is generally agreed that the A is released into
extracellular space, it is not clear whether the A is released preferentially from neuronal
somata or dendrites, and it is not clear under what conditions the Ap may be transported along
axons and released from synaptic terminals.

Gaining an understanding of the cellular mechanisms underlying Alzheimer’s disease is
dependent upon an understanding of how APP and AP are produced and processed in the brain.
One method of studying the neurobiology of Alzheimer’s disease involves the generation of
transgenic models (Wilcock and Colton, 2008); towards this end, a triple transgenic mouse
strain (3xTg-AD) that harbors the mutant transgenes for alleles of presenilin 1, amyloid
precursor protein (APP), and tau has recently been developed (Oddo et al., 2003). Mature 3xTg-
AD mice display prominent levels of AB immunoreactivity as well as tau immunoreactivity in
forebrain regions. Analyses of cerebral cortical tissue from 3xTg-AD mice of varied ages has
demonstrated that Ap is first seen intracellularly in neurons and later as extracellular plaque
deposits (Oddo et al., 2003a;b). These 3xTg-AD mice display several critically important
features of AD, including behavioral impairments that correlate with A levels (Billings et al.,
2005; Oddo et al., 2006).

Utilizing transgenic models such as the 3xTg-AD mouse strain offers a valuable opportunity
to study in detail the neurobiology of A accumulation. Perusal of a library of material revealed
acurious interesting pattern of Ap immunoreactivity in layer I11 of retrosplenial cortex of these
3XTg-AD mice. This Ap immunoreactivity occurs as a band that appears similar to a laminar
axonal terminal field in cortex. The goal of the present study was to study this pattern of A,
to determine its relationship to the axonal terminal field from the medial septum and diagonal
band, and to determine whether disrupting this system of axonal afferents would interfere with
AP production or immunoreactivity.

EXPERIMENTAL PROCEDURES

Animals

These experiments used adult mice of the triple transgenic strain (3xTg-AD) developed by
Oddo and LaFerla (Oddo et al., 2003). In generating these transgenic mice, human amyloid
precursor protein (APP) cDNA harboring the Swedish mutation (KM670/671NL) and human
four-repeat Tau harboring the P301L mutation were co-microinjected into single-cell embryos
of homozygous presenilin 1 (PS1 p146v) knockin mice. The background of the PS1 knockin
mice was a hybrid 19/C57BL6 strain. The transgenic mice used in this study were all of the
same genetic and strain background, and were drawn from the colony maintained by the
LaFerla laboratory in the UC Irvine Gillespie Neuroscience Facility vivarium. Images were
obtained from a library of slides of 15 of the 3xTg-AD mice, euthanized at ages 9 mo to 23
mo, from the LaFerla laboratory; in addition, 24 3xTg-AD animals aged 12 to 22 months were
used in experiments involving survival surgery. Further, studies of normal connections of
retrosplenial cortex and studies of basal forebrain lesions were undertaken in 32 control non-
transgenic adult mice (termed wild type mice) of the C57BL6 strain, purchased from Charles
River (Wilmington MA). Axonal tracing experiments using Dil used 17 C57BL6 mice 12-15
days of age, born in the laboratory from pregnant dams purchased from Charles River. All mice
were housed in a satellite vivarium, kept on a 12 hr light: 12 hr dark schedule, and had ad
libitum access to standard lab chow and water.
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All procedures were carried out in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and were approved by the University of California,
Irvine, Institutional Animal Care and Use Committee. All efforts were made to minimize
animal suffering and to use only the number of animals necessary to produce reliable scientific
data.

Reagents were purchased from Sigma Chemical Co. (St Louis, MO, USA) unless otherwise
noted.

Surgical Procedures

Wild type (wt) and 3xTg-AD mice were deeply anesthetized with one of several different
anesthetics, including sodium pentobarbital (40 mg/kg; IP), a mixture of Ketamine and
Xylazine (40 mg/kg Ketamine and 4 mg/kg Xylazine; IP), or Avertin (250 mg/kg; IP) and
placed in a stereotaxic apparatus. Electrolytic lesions were placed in the medial septum and
nucleus of the diagonal band of 12 mice, aged 12—14 mo (8 mice) or 19—20 mo (4 mice) 3XTg-
AD mice and 14 C57BL6 wt mice. Stereotaxic coordinates, (based on the atlas of Paxinos and
Franklin, 2004) referenced from bregma were: AP: 0.8 mm; ML: 0.3 mm; DV: -4.0 and -5.0
mm.

Four wt and four 3xTg-AD mice were prepared for immunolesions of basal forebrain
cholinergic neurons. Injections of 1 ul of a murine p75-SAP toxin (Advanced Targeting
Systems, San Diego CA) at1.86 pg/ul of saline were made unilaterally into the lateral ventricle
(stereotaxic coordinates AP: 0; ML: 0.8 mm; DV: — 2. mm). The toxin was infused over a
period of 2 min, and the needle left in place for 3-5 min before withdrawing.

In 10 other wt mice and 7 other 3xTg-AD mice, the cingulate bundle was cut at the level of
bregma, using a #11 scalpel blade inserted 1.4 mm below the pial surface, between 0.2 and 1
mm lateral to the midline.

For all surgical procedures, any bleeding was controlled with Gelfoam, the surgical wound
sutured, and the animal maintained under a warming lamp until normal motility returned and
then returned to the home cage.

At the time of euthanasia, animals were deeply anesthetized with sodium pentobarbital (100
mg/kg). A peristaltic perfusion pump, with a flow rate of 5 ml/minute, was used to perfuse the
animals through the heart with 0.9% saline followed by 4% paraformaldehyde in 0.1M sodium
phosphate buffer, pH 7.2. Brains were removed, postfixed overnight, and then transferred to
30%sucrose for cryoprotection.

Immunocytochemistry

Sections cut from basal forebrain and posterior cortex using a freezing sledge microtome (25—
40 um) or Vibratome (50 pm) were processed for ChAT or p75 receptor immunocytochemistry.
Sections were blocked with 3% normal serum (rabbit serum for ChAT; goat serum for p75)
for 1 hr at room temperature. Sections were then incubated overnight at 4°C in either goat anti-
ChAT (Chemicon AB144P; Milipore-Chemicon, Temecula CA) primary antibody, 1:500 in
normal rabbit serum or in rabbit anti-p75 receptor primary antibody (a generous gift from Dr.
L. Reichardt); 1:50,000 in normal goat serum. Triton X-100 (at 0 .25%) was included in both
incubation media. Sections were rinsed in sodium-phosphate buffered saline (PBS) and then
incubated in biotinylated secondary antibody (1:200) for 1 hr at room temperature; Secondary
antibodies (from Vector Labs, Burlingame CA) were rabbit anti-goat for the ChAT procedure
or goat anti-rabbit for the p75. Sections were stained according to the Vectastain Elite ABC
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Kit from Vector laboratories, using nickel-intensified DAB as the chromagen. Sections were
mounted, dehydrated, cleared in xylenes, and coverslipped for examination under the light
microscope.

Immunocytochemical procedures to reveal Ap were carried out on 40-50 um thick transverse
sections of 3xTg-AD mouse brains, cut on either a freezing microtome or on a Vibratome. For
most experiments, free floating sections were treated with 88% formic acid for 7 min, rinsed
3Xin PBS, and then blocked in normal goat serum for 1 hr and incubated overnight in antibody
(B-amyloid 1-16 monoclonal antibody; Signet SIG-39322 from Covance, Emeryville CA;
diluted 1:1000 in PBS with goat serum). Other studies used the OC B-amyloid antibody from
C. Glabe (Kayed et al., 2007; a rabbit polyclonal antibody, diluted at 1:5000); the procedure
for this antibody was similar to the procedure for the SIG-39322 antibody, but omitted the
formic acid treatment. After incubation, sections were rinsed in PBS and then placed for 1 hr
in a biotinylated goat anti-mouse secondary antibody or a biotinylated goat anti-rabbit
secondary antibody (both from Vector Labs), diluted 1:200 in goat serum. Sections then were
rinsed 3X in PBS, processed using the ABC kit (Vector Labs) and reacted in 0.2% diamino
benzidine and 0.003% H,0,. Sections were rinsed again and mounted on gelatin coated slides
and cover slipped with DPX mounting medium. Control sections, processed with either the
primary or secondary antibody omitted, revealed no labeling.

AChE Histochemistry

Brains were cut in the transverse plane at thickness of 40-50 um and processed for AChE
histochemistry as described by Hedreen et al. (1985). Slices were rinsed in 100 mM acetate
buffer, (pH 6.0) (3X, 10min) and then incubated in 50 ml of a solution made with 25mg
acetylthiocholine iodide, 1ml 5 mM tetraisopropyl pyrophosphoramide, 5 ml of 30 mM copper
sulfate, and 1 ml 5 mM potassium ferricyanide in acetate buffer (pH 6.0). After 2 hr of
incubation in darkness, the tissue was rinsed in five changes of 100 mM acetate buffer and then
reacted in 1% ammonium sulfate. Following 5 rinses in 0.1M sodium nitrate, sections were
reacted in 0.1% silver nitrate for 5 minutes or until fibers were clearly visible in cortex. Sections
were then rinsed in sodium nitrate followed by rinses in acetate buffer and mounted on slides.
Selected sections were counterstained with cresyl violet to document the relationship between
AChE positive axons and local cytoarchitecture.

Dil Preparations

Studies of axonal connections were performed on twenty C57BL6 wt mice and two 3xTg-AD
mice, aged 12-15 days. These animals were deeply anesthetized with sodium pentobarbital
and perfused transcardially with 4% paraformaldehyde in 0.1 M sodium-phosphate buffer. The
brains were postfixed for at least 2 days in 4% paraformaldehyde. Brains received placements
of 1,1’ dioctadecyl-3,3,3',3-tetramethylindocarbocyanine perchlorate (Dil; Molecular Probes
Invitrogen, Carslsbad CA).

After fixation, 6 of the w.t. brains and one 3xTg-AD brain were divided into two hemispheres
by a mid-sagittal cut. Each hemisphere received placement into the septum, using a medial
approach, of a very small crystal of Dil (Molecular Probes, Eugene, OR). The other brains
received unilateral or bilateral placements of Dil directly into retrosplenial cortex. To label the
retrosplenial cortex, placements were made into the medial wall of the cortex, close to the level
of the splenium of the corpus callosum. Use of fine glass pipettes under a dissection microscope
aided the placement of small Dil crystals. Tissue with Dil placements was stored in PBS and
0.2% azide solution at 37°C for 4-6 weeks. Tissue blocks then were embedded in 3% agarose
solution and Vibratome sections were cut in the transverse plane at a thickness of 100 pum.
Some sections were counter-stained with ethidium bromide or BoPro (Molecular Probes;
Eugene OR).
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Wet mounted sections were viewed with a Nikon epifluoresence microscope equipped with
rhodamine, fluorescein, and ultraviolet filter sets. Retrogradely labeled cells and anterogradely
labeled axons were compared to local cytoarchitecture, as visualized from ethidium bromide
or BoPro stains of the same sections.

Photographic and lllustration Techniques

RESULTS

Immunocytochemically or histochemically stained sections were examined under bright field
or fluorescence microscopy. Photographic images were taken using a Nikon Optiphot with a
Nikon DS 5M digital camera and imported into Photoshop. Contrast and brightness were

adjusted for photographs within the same plate; no other manipulation of the images was done.

Presence of AB immunoreactivity in granular retrosplenial cortex

The granular retrosplenial cortex (RSg) is located along the medial wall of the posterior
cingulate gyrus (Krieg, 1943). The cytoarchitecture of RSg features a distinctive dense granular
layer Il (Krieg, 1943; Vogt and Peters, 1981), as illustrated by the photomicrograph of a Nissl
stained section in Figure 1A. Approximately half of the RSq is situated, as its name implies,
caudal to the splenium of the corpus callosum, but RSg also extends anteriorly to the splenium,
along the ventral cingulate gyrus. Histochemically reacted sections demonstrate that the RSg
also displays a characteristic dense pattern of AChE activity in layer 111, as illustrated in Figure
1B. This band of AChE activity is seen throughout the anterior-posterior and medial-lateral
extents of RSg. The dense granular layer Il seen in Nissl stained sections and the dense pattern
of AChE in layer I11 both are characteristic of normal wild type mice and also of the 3xTg-AD
mice. The band of AChE seen in cortical layer I11 corresponds to a band that also labels for
choline acetyltransferase (ChAT) immunocytochemistry, as illustrated in figures 1C and 1D.
Sections from 3xTg-AD mice that are older than approximately 18 months of age, and
processed for AB immunoreactivity, demonstrate Ap positive cells, primarily in deeper cortical
layers, and also a prominent band of A immunoreactivity in layer 111 of RSg (fig. 1E).

The band of AB immunoreactivity in layer 111 appears quite different from the Ap
immunoreactivity that can be seen within cells in the deeper layers of RSg and in cells and
extracellular plaques elsewhere in the cerebral cortex. The AB immunoreactivity in layer I11
of RSg of older animals occurs as a distinct lamina, and appears similar to the pattern of an
axonal terminal field. The band of AB immunoreactivity in cortical layer 11, like the pattern
of AChE histochemical reaction product in layer Il1, is characteristic of RSg, throughout its
anterior-posterior and medial-lateral extents, as illustrated by the photomicrographs of sections
taken from a 20 mo animal, as shown in figure 2A-C.

Although the 3xTg-AD mice display A immunoreactivity within cortical pyramidal cells by
about 4 months of age, and extracellular plaques are seen in some regions of cerebral cortex
by about 6 months of age (Oddo et al., 2003), the band of AB immunoreactivity in RSg appears
relatively late in the 3xTg-AD animal’s life. As shown in Figure 2D, the Ap band is not
detectable by these immunocytochemical techniques in animals euthanized at 13 months of
age; at this age, however, Ap positive neurons are scattered in the deeper layers of RSg cortex
and extracellular plaques are clearly visible in the subiculum. By 18 months of age (Fig. 2E)
the band of AB immunoreactivity can be seen in layer 111, and by 20 months (Fig. 2E) the band
is quite distinct. At no age were Ap positive cells prominent in the superficial layers (layers I-
IV) of RSg cortex, although A positive pyramidal cells were detected consistently in deeper
cortical layers in animals older than 12 months.
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Basal forebrain projections to retrosplenial cortex

The pattern of Ap immunoreactivity in layer Il is suggestive of an axonal terminal plexus.
Further, the similarity of the pattern of Ap immunoreactivity and the patterns of AChE
histochemical reaction product and ChAT immunoreactivity suggests that the putative terminal
plexus may be that of axons from basal forebrain cholinergic neurons (Bigl et al., 1982;
Lysakowski et al.,1989). The next set of experiments explored the identity of candidate axonal
projections. Retrograde axonal labeling using the lipophilic tracer Dil was used in experiments
to reveal basal forebrain projections to RSg cortex. Figure 3A shows the area of cortex directly
labeled by a placement of a small Dil crystal in retrosplenial cortex of a P15 wt mouse;
retrograde labeling of axons and cells by Dil is illustrated in Figures 3B,C,C4,C,. Retrogradely
labeled cells were detected in medial septum and the vertical limb of the nucleus of the diagonal
band, confirming studies in other species (Wenk et al., 1980; Bigl et al., 1982; Tengleson et
al., 1992). The location of these retrogradely labeled neurons was used to identify sites for
placement of Dil crystals for anterograde demonstration of basal forebrain projections to
cortex. Placements of small crystals of Dil were made in medial septum (as illustrated in Figure
3D) or in nDB. Labeling of axon terminal fields was detected in RSg cortex as a distinct band
of Dil in layer 11, as illustrated in Figure 3E. Note that the areal and laminar patterns of axonal
labeling in RSg from a septal placement of Dil appear remarkably similar to the pattern of
endogenous AChE or ChAT and also to the pattern of Ap immunoreactivity.

Effects of basal forebrain lesions on AB immunoreactivity in RSg

If the pattern of AB immunoreactivity in RSg is associated with the terminal field of axons
from cholinergic neurons in the basal forebrain, then eliminating those cholinergic axons would
be expected to affect the pattern of AP expression. The next set of experiments investigated
this possibility. Electrolytic lesions were placed in medial septum and/or the nDB of 19
C57BL6 wt mice and of 8 of the 3xTg-AD mice aged 10-18 mo. Figure 4 presents results from
a case in which the lesion (Fig. 4A) was placed in a 3xTg-AD mouse at 12 months of age
(before the pattern of Ap immunoreactivity appears in RSg ). This animal was euthanized and
studied at 20 months of age. Figure 4B demonstrates that this lesion of septum and diagonal
band was followed by a loss of AChE histochemical reaction product in layer 111 of the
ipsilateral RSg, confirming earlier reports in other species (Tengelson et al, 1992). More
importantly, Figure 4C demonstrates that Ap immunoreactivity, normally characteristic of
RSg, is absent in the left hemisphere sustaining the lesion, although normal patterns are present
in the right, control hemisphere. Figure 4D presents results from another case with an
incomplete septal lesion, with markedly reduced Ap immunoreactivity in the operated (left)
hemisphere. Interestingly, although the band of AB immunoreactivity was lost, or markedly
reduced, following placement of lesions in the medial septum and diagonal band, Ap
immunoreactivity in neurons of RSg was not affected.

Animals (N=2) that received a surgical knife cut lesion of the cingulate bundle at ages younger
than 12 mo also displayed a unilateral absence of the Ap immunoreactivity in RSg cortex
(results not illustrated).

Effects of short term septal or cingulate bundle lesions on AB immunoreactivity in RSg of

older mice

Electrolytic lesions were placed in the medial septum and nucleus of the diagonal band (N=4),
or surgical knife cuts were made in the cingulate bundle (N=5) of 3xTg-AD mice at ages at

which the patterns of Ap immunonreactivity would already have appeared in RSg cortex (at

19-20 mo). Animals were euthanized and tissue collected at post-lesion survival periods of 2—
4 weeks. Lesions, such as the knife cut illustrated in figure 5A, placed in these older animals
resulted in marked and rapid reduction of AChE histochemical activity in layer Il of RSg, as
illustrated in figure 5B. Cytoarchitecture as revealed by Nissl stains (fig. 5C) showed normal
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cortical layers, so loss of AChE is not due to degenerated tissue. These lesions did not eliminate
the pattern of A immunoreactivity in layer 111 of RSg, although cases with longer survival
periods (4 weeks compared to 2 weeks) showed reduction in A immunoreactivity (Fig. 5D).

Effects of immunolesioning of basal forebrain cholinergic neurons

Electrolytic lesions and surgical transactions of axonal pathways are non-specific, in that they
impact the population of cells or axons, irrespective of neurochemical phenotype. To test
whether the AChE axonal plexus in layer 111 of RSg is indeed cholinergic, and to test whether
itisthe loss of cholinergic afferents that impacts the axonal plexus and the A immunoreactivity
in RSg, the basal forebrain cholinergic system was damaged using the immunolesioning
method (Robertson et al., 1998; Berger-Sweeney et al., 2001). Results from an animal that
received a unilateral injection of the p75 SAP toxin at 18 mo and then euthanized 4 weeks later
at 19 mo are illustrated in figure 6.

Figure 6A and B illustrate the marked unilateral loss of cholinergic (in this example, p75
positive) neurons in the medial septum following the unilateral injection. Note that a few
neurons remain in the right hemisphere. Figure 6C illustrates a marked loss of AChE positive
axons in the corresponding (right) RSg, while fig. 6D reveals a corresponding marked loss of
p75 immunoreactivity. Although the p75 labeling lacks the clear axonal appearance of the
AChE histochemical reaction, the overall patterns are similar. Similar to the results shown in
fig. 5, fig. 6E demonstrates a reduction of A immunoreactivity in this animal.

Relationship between AChE positive neurons and AB immunoreactivity in Septum

The evidence presented above indicates that a medial septal lesion placed before the appearance
of the band of Ap immunoreactivity in layer 111 of RSg results in the absence of the A in the
corresponding hemisphere. This finding suggests that AB may be produced by septal neurons
and transported along their axons to the terminal fields in RSg. Supportive evidence for this
notion would be offered by co-localization of A immunoreactivity and cholinergic markers
in the medial septum. This possibility was investigated, and Figure 7 presents results taken
from the septum of a 3xTg-AD mouse, euthanized at 23 mo.

Figures 7A and 7D show a section taken through the septum and processed for ChAT
immunocytochemistry. Note the strongly immunoreactive neurons in the medial septum (MS)
but absence of ChAT positive neurons more laterally. Figures 7B and 7D show an adjacent
section, processed histochemically for AChE. Although the AChE histochemical reaction
product is more diffuse and does not have the clear cellular appearance of the ChAT
immuoreactivity, the distributions within the septal complex of the two are similar. In contrast,
figures 7C and 7F illustrate that dense AP positive plaques are characteristic of the lateral septal
region, while the medial septum shows no immunoreactivity. Clearly, Ap immunoreactivity
is found in different regions of the septal complex than those occupied by cholinergic neurons.

DISCUSSION

Choice of neural model system

Investigators have studied axonal transport of APP in several model systems, including the
peripheral nervous system (Koo et al., 1990; Sisodia et al, 1993), optic nerve (Amaratunga and
Fine, 1995), cultured hippocampal neurons (Ferreira et al., 1993; Kaether et al., 2000) and in
the perforant pathway from the entorhinal cortex to the dentate gyrus (Buxbaum et al., 1998;
Lazarov et al., 2002). The neural system examined in the current study offers the advantage of
a clearly defined laminar pattern of AB in a defined region of cerebral cortex, and the added
advantage that the AP pattern corresponds to a demonstrated axonal terminal field. It is of
further interest that many, and perhaps all, of the cells of origin of this axonal terminal field
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are cholinergic, a potentially important point in light of observations that cholinergic neurons
appear to be among those most affected in Alzheimer’s disease (Davies and Maloney, 1976;
Bartus et al., 1982; Coyle et al., 1983; Kasa et al., 1997; Hu et al., 2003; Liith et al., 2003;
Lyness et al., 2003; Rees et al., 2003; Mesulam 2004; Pakaski and Kalman, 2008).

The cholinergic projections of interest here form a part of the broad system of basal forebrain
projections to cerebral cortex. In human brain, the cholinergic neurons cluster together to form
the nucleus basalis, but in rodent brain the cholinergic neurons are found scattered through
several nuclear groups of the basal forebrain, including the medial septum, the nucleus of the
diagonal band, the ventral medial globus pallidus, and portions of the hypothalamus (Lewis
and Shute, 1967; Wenk et al., 1980; Bigl et al., 1982; Mesulam et al., 1983; Butcher and Woolf,
2004). These cholinergic neurons send rather broad axonal projections to cortical structures,
but the projections do display an underlying loose topographic organization. Projections to the
RSg originate in the medial septum and the vertical limb of the nucleus of the diagonal band
as has been demonstrated in several species (Bigl et al., 1982; Mesulam, 1983; Butcher and
Woolf, 2004) including mouse (present study). Although AChE is not always a valid indicator
of cholinergic neurons (Lehman and Fibiger, 1979; Robertson and Yu, 1993) virtually all basal
forebrain cholinergic neurons (defined as expressing choline acetyltransferase) do express
AChE (Levey et al., 1983). Further, laminar patterns of AChE histochemical activity in RSg
correspond to laminar patterns of other cholinergic markers, including ChAT immunoreactivity
and p75 receptor immunoreactivity. Finally, immunolesioning of basal forebrain cholinergic
neurons strongly reduces AChE positive axons as well as the specific cholinergic markers
ChAT and p75 immunoreactivity. Thus, we believe AChE histochemistry is both a reliable
and a valid marker for basal forebrain derived cholinergic projections to RSg.

Cellular localization of AB

The origin and distribution of much of the Ap detected in the cerebral cortex of 3xTg-AD mice
has been described by Oddo, LaFerla and colleagues, with A immunoreactivity first detected
intracellularly in cortical pyramidal neurons, and later is found associated with extracellular
plaques (Oddo etal., 2003a;b). The AP peptides are derived from the amyloid precursor protein
(APP) through endoproteolytic cleavage actions, the last of which is performed by gamma
secretase to produce the Ap (Weidemann et al., 1989). Gamma secretase, and hence ultimately
AP production, may be active intracellularly or at the neuronal membrane. The antibodies used
in the present study produced similar patterns of immunoreactivity. The Signet 39322 antibody
is believed to react with all isoforms of A, and the OC antibody reacts with fibrillar amyloid
AP, but not the APP (Kayed et al., 2007).

Itis believed that the AP is released from intracellular compartments to form the extracellular
deposits recognized as the amyloid plaques. The band of Ap immunoreactivity in layer 11 of
RSg, however, does not display a clear spatial or temporal relationship with Ap positive
neurons within RSg. Indeed, although Ap positive neurons are seen prominently in deep layers
of RSg, AP positive neurons are rare in the superficial layers (see Figs. 1,2). It is conceivable
that apical dendrites of AB positive pyramidal neurons in deep layers of cortex could release
the AB into cortical layer 111, but dendritic transport and release has not been reported and
seems to us to be unlikely. Further, placement of lesions in medial septum or immunotoxin
damage to septal cholinergic neurons reduce AB immunoreactivity in layer I11, but have no
observable affect on A in deeper neurons.

The remarkable similarity of the pattern of AB immunoreactivity and the pattern of basal

forebrain derived cholinergic axon terminals is strongly suggestive of a relationship between
cholinergic axons and the band of AB. The precise nature of this putative relationship remains
unclear, but possibilities include: 1) activity in the cholinergic terminals is able to induce Ap
expression and subsequent release by cortical cells; and 2) the Ap or APP is transported to RSg
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along cholinergic axons, and the Ap is found within or released by those cholinergic axon
terminals.

In the case of the first possibility, the cholinergic axons from the basal forebrain could stimulate
local RSg cortical neurons to produce APP that would then be cleaved to form the AB. Studies
have demonstrated that neural activity is capable of driving expression of a variety of receptor
and other proteins (Tang and Schuman, 2002; Bramham and Wells, 2007), and investigators
have demonstrated that neural activity can modulate formation and secretion of A peptides
in a dissociated cell culture system (Kamenetz et al., 2003). In this scenario, the results from
experimental damage to the basal forebrain would be interpreted as demonstrating that the loss
of the afferent input results in reduced synaptic drive and consequently reduced APP and AB
production. This possibility seems to us to be unlikely because, as noted above, very few Ap
positive neurons are present in the superficial layers of RSg and release of Ap from dendrites
of deeper pyramidal neurons has not been described. Further, as noted above, damage to
cholinergic neurons in basal forebrain affect Ap immunoreactivity in layer 111, but does not
affect AB immunoreactivity in deeper cortical neurons. In aggregate, these results suggest that
the AP does not accumulate in layer 11 as a result of release from deeper neurons. Further
studies will be necessary to determine the locus of production of the A in this neural circuit.

The second possibility is that the Ap may be located within, and possibly released by,
cholinergic axons from basal forebrain neurons. Other investigators have demonstrated that
the APP can be actively transported by axonal transport mechanisms (Koo et al., 1990; Ferreira
etal., 1993; Buxbaum et al., 1998; Lazarov et al., 2002). The present experimental results are
compatible with this idea. Damage to cholinergic neurons in basal forebrain, at a time before
the AB immunoreactivity normally appears in RSg, results in absence of the pattern of A in
layer 111 and also absence of the corresponding band of cholinergic markers. The loss of Ap
immunoreactivity from cortical layer 111 is not accompanied by change in the number or
apparent staining intensity of Ap in cortical neurons. Several methods of producing damage
to the basal forebrain projections, including placement of electrolytic lesions in the basal
forebrain, immunotoxin mediated lesions of basal forebrain cholinergic neurons, and lesions
in the cingulate bundle (through which the cortically projecting basal fore brain derived axons
pass; Wenk 1980; Bigl et al., 1982; Tengelsen et al., 1992) at ages after the appearance of the
band of AB do not result in the immediate loss of the band of AB immunoreactivity, although
the corresponding band of cholinergic axon markers is lost. This result suggests that while the
AChE is found as part of the cholinergic axon terminals from basal forebrain, the AB is likely
to be outside of the axon terminals per se. If the AB is continually, albeit slowly, deposited in
layer 111 of RSg from cholinergic terminals and the deposited A is continually, and again
slowly, removed by phagocytic cells in the region, then it would be expected that damage to
cholinergic axons later in the animal’s life (after 18 mo) would eventually lead absence of
A in RSg.

In aggregate, these results and this line of reasoning would posit that the A, or its precursor
APP, is produced in cell bodies in the basal forebrain and transported along axons to the
terminals in RSg. If this pathway is removed by damage early in the animal’s life, the pattern
of Ap immunoreactivity never appears. Later in life, after the Ap pattern can be detected in the
extracellular milieu, lesions interrupting the afferents do not lead to short term elimination of
the AP that already has been deposited. However, if extracellular AB levels normally result
from some balance of ongoing deposition and ongoing removal by phagocytic cells (Schenk
etal., 1999; Yazawa et al., 2001), damage to cholinergic afferents in older animals likely would
lead to eventual clearing by local cells. Indeed, figure 6 demonstrates that in an animal receiving
cholinergic insult at 18 months, levels of Af in RSg are notably lowered one month later.
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Information missing from this scenario, however, is evidence that APP or A is produced by
cortically projecting neurons of the medial septum. It is of interest that strong immunoreactivity
for AB is seen in the lateral septum, but not in the medial septum. It is the medial septum that
contains cholinergic neurons (Wenk et al., 1980; Bigl, etal., 1982; Mesulam et al., 1983; figure
7 here), the axons of which project to layer 111 of RSg. The lack of correspondence between
the location of Ap immunoreactivity in the septum and the locus of origin of the axonal
projection to RSg may decrease enthusiasm for the Ap transport hypothesis. However, absence
of AP immunoreactivity in the medial septum does not necessarily mean that the APP is not
produced by these cells, because neither of the Ap antibodies used in the present studies appears
to recognize APP. Further, although we investigated antibodies to APP, we were not able to
convince ourselves that the APP immunoreactivity demonstrated only the transgenic human
APP in preference to normal endogenous mouse APP (data not shown). As in other systems
(Koo et al., 1990; Ferreira et al., 1993; Buxbaum, 1998; Lazarov et al., 2002) APP could be
produced by medial septal cells and transported along their axons, to be cleaved to
immunocytochemically detectable AB in the region of the axon terminals.

The present results are somewhat analogous to those reported previously by the Sisodia
laboratory (Buxbaum et al., 1998; Lazarov et al., 2002). These investigators studied possible
transport of A, or its precursor protein, from the entorhinal cortex to the dentate gyrus in a
different transgenic mouse model that also expresses patterns of AB immunoreactivity. These
investigators report that damage to the perforant path axons results in a reduction in Ap
immunoreactivity in the ipsilateral dentate gyrus, as well as other regions of the ipsilateral
hippocampal formation. The authors attribute this reduction to the reduction of deposition of
AP (or its precursor) in the dentate gyrus, while the removal by local macrophages of existing
deposits of AB continues unabated. Interestingly, the authors report that severing the axons of
the perforant path in young animals, before the time the AB deposits appear in the dentate gyrus,
does not interfere with the appearance of Ap immunoreactivity four months later. The authors
suggest that the truncated axons are able to sprout new branches that will reinervate the dentate
and transport the A to the reinnervated terminal zone site. In the present studies, the neurons
of origin of the projection were eliminated by electrolytic or immunotoxin lesions, and hence
could not recover to regenerate new cortically projecting axons.

Relationship of AB and neural degeneration

Several recent studies (Jaffar et al., 2001; German et al., 2003; Hu et al., 2003; Aucoin et al.,
2005) have reported cholinergic deficits associated with presence of Af in other mouse
transgenic models of Alzheimer’s disease. These studies indicate that the presence of fibrillary
AP in plaques exerts a deleterious affect on cholinergic and other axons, and that diffuse Ap,
perhaps that is not recognizable by currently used antibodie, may have a more specific
damaging affect on cholinergic axons. These results raise the interesting question of whether
the presence of AP in layer 111 of RSg causes damage to the cholinergic axons in that region,
or whether those cholinergic axons play a role in the production of the Ap.

Role of AB in Alzheimer’s disease

An understanding of how Ap is released and subsequently processed extracellularly will be
important for understanding the damaging effects that Ap has on neuronal tissue, and hence
potentially for the pathogenesis of Alzheimer’s disease (Cleary et al., 2005). In this regard, the
fine structural localization of the Ap immunoreactivity would be of great interest, particularly
in regard to whether it is found within or around axon terminals (Yamaguchi et al., 1989; Ikin
et al., 1996) from the septum, or within cortical neurons in layer 111 of RSg cortex. An
association between AP and cholinergic terminals would be particularly intriguing in light of
the finding that amyloid plaques often display AChE or nonspecific cholinesterase activity
(Wright et al., 1993; Guillozet et al., 1997). The AP that is deposited likely eventually will be
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transformed to a plaque that is associated with degeneration of neurites, including the
degeneration of cholinergic circuitry (Wright et al., 1993; Kasa et al., 1997; Auld et al, 2002;
Hu et al., 2003; Liith et al., 2003).

While disruptions in amyloid production constitute important genetic factors in the
pathogenesis of AD (Selkoe, 1991; Hardy and Selkoe, 2002; Lesne et al., 2006), it is also clear
that the deposited amyloid plaques alone do not account for the neuronal degeneration and
cognitive losses that characterize AD (Masters et al., 1985; Arrigada et al., 1992; Naslund et
al., 2000; McLean et al., 2001; Billings et al., 2005; Oddo et al., 2006). Loss of synaptic
structure and function form the neuropathological bases of dementia (Terry et al., 1991; Honer
etal., 1992; Dickson et al., 1995; Sze et al., 1997; Selkoe, 2002;), but the cause of the loss of
synapses in AD remains somewhat unclear. Although much attention has been directed towards
the amyloid plaques, soluble levels of AB and vascular Ap also have been demonstrated to be
important (Masters et tal., 1985; Naslund et al., 2000; McLean et al., 2001; Thal et al., 2008)
and indeed soluble levels of AB more closely correlate with human cognitive decline than does
amyloid plaque load (Terry et al., 1991; Wang et al., 1999). Although the presence of amyloid
plaques does not correlate well with scales of dementia (Wang et al., 1999; Naslund et al.,
2000; McLean et al., 2001), some combination of deposited and soluble amyloid appear to be
the main causative agents in cognitive decline. Hence, the amyloid cascade hypothesis (Hardy
and Higgins, 1992; Hardy, 2006; LaFerla et al., 2007), featuring a central pathological role of
amyloid, remains a leading theory of Alzheimer pathology.
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Fig. 1.

Brightfield photomicrographs of transverse sections from granular retrosplenial cortex (RSg)
of mice. A: Nissl stained section showing the cytoarchitectural features of RSg of a 3xTg-AD
mouse. Cortical layers I, 11, and I11 are indicated; note particularly the dense granular cortical
layer 1l that is characteristic of RSg. Bold arrows indicate the ventral-medial and dorsal-lateral
borders of RSg. B: Neighboring section from the same animal processed for AChE
histochemistry. Arrows indicate borders of the band of AChE histochemical reaction product
in layer 111 of RSg. C: Comparable section from a different animal, processed for ChAT
immunocytochemistry. Arrows indicate the band of ChAT in layer 111 of RSg. D: Higher
magnification photomicrograph of the section shown in ‘C’, showing axon-like pattern of
ChAT immunoreactivity. E: Section adjacent to the section shown in ‘B’, processed for Ap
immunoreactivity. Arrows indicate the band of A immunoreactivity in layer I11; also visible is
AP immunoreactivity associated with cells in deeper cortical layers. Calibration bar in ‘E’ =
500um for A through C and E. Calibration bar in D = 100 pum.
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Fig. 2.

Brightfield photomicrographs illustrating patterns of A immunoreactivity in RSg of 3xTg-
AD mice. A - C: Transverse sections from a 20 mo old mouse, from anterior portions of RSg
(A), through mid-portions (B), to caudal portions (C). Arrows indicate borders of the distinct
band of AB immunoreactivity in layer 111 of RSg. D-F: Sections from a developmental series
of 3xTg-AD mice, showing onset of Ap immunoreactivity. D:13 mo old mouse. Note that
although many cortical cells display AB, and Ap plaques are seen in the subiculum (white
arrow), no Ap immunoreactivity in visible in layer 111 of RSg. E: Section from an 18 mo mouse,
processed for AB. Note the numerous Ap positive plaques in the subiculum (white arrow), and
the light pattern of Ap immunoreactivity in layer 111 of RSg (black arrows). F: Section from a
20 mo mouse. Note the dense pattern of Ap in layer Il of RSg. Calibration bar in ‘F’ = 250
um for A —F.
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Fig. 3.

Dil tracing of septal projections to RSg in mice. A: Brightfield image of an unstained section
showing spread of Dil following a placement in RSg; arrows indicate borders of RSg. B:
Fluorescence image of a BoPro labeled section, using fluorescein optics, showing the
cytoarchitecture related to Dil labeling in “C’. C: Fluorescence image, using rhodamine optics,
of the same section as in ‘B’, showing retrograde Dil labeling in septum (long arrow) and nDB
(short arrow) in the hemisphere ipsilateral to the Dil placement in A. Arrows indicate same
sites shown in ‘B’. C1: Higher power photomicrograph of the Dil labeling in medial septum,
indicated by the long white arrow in C. C2: Higher power image of Dil labeling of nDB in the
section adjacent to the one shown in “‘C’. D: Brightfield image of an unstained section showing
a Dil placement (arrow) in medial septum. E: Fluorescence image of Dil axonal labeling in
layer 111 of RSg following the Dil placement in D; arrows indicate borders of RSg. F:
Fluorescence image of the same sectionas in ‘E’, but with fluorescein optics and BoPro staining
of cells. Arrows indicate same sites as in ‘E’. Calibration bar in ‘A’ =250um. Bar in ‘C’ = 500
um for B and C. Bars in C1 and C2 = 100 um. Bar in ‘D’ = 500 um. Bar in ‘F’ = 250 um for
E and F.
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Fig. 4.

Effects of placement of an electrolytic lesion in medial setptum and nDB on AB
immunoreactivity in RSg of 3xTg-AD mice. A: AChE histochemically stained section though
the medial septum; arrows indicate borders of the lesion in the left hemisphere. B: AChE stained
section showing loss of AChE activity in RSg of this animal. Arrows indicate borders of AChE
positive layer 111 in the control hemisphere. C: Section showing loss of Ap immunoreactivity
inthe left hemisphere of this case. Arrows indicate borders of normal A pattern in the opposite,
control hemisphere. D: Section from a different mouse, with a smaller lesion of medial septum,
showing partial loss of Ap immunoreactivity in the left hemisphere. Abbreviations: AC:
anterior commisure; Lat S: lateral septum; Med S: medial septum. Calibration bar in A =
500um; bar in D = 250 um for B — D.
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Fig. 5.

Effects of placement of a lesion in the cingulate bundle on A} immunoreactivity in RSg of a
3xTg-AD mouse. A: AChE histochemically stained section; arrows indicate borders of the
lesion in the cingulate gyrus of the left hemisphere. B: AChE stained section showing loss of
AChE activity in RSg of this animal. Arrows indicated borders of the band of AChE in the
control hemisphere. C: Section neighboring those in B and D, processed for Nissl to show
cytoarchitecture. Arrows indicate borders of the dense layer 11 that characterizes RSg. D:
Section showing only slight loss of A immunoreactivity in the left hemisphere of this case.
Arrows indicate borders of the AP pattern in the lesioned (left) hemisphere and in the opposite
control hemisphere. Calibration bar in C = 500um; for A - D.
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Fig. 6.

Effects of immunolesion of basal forebrain on cholinergic markers and Ap immunoreactivity
in RSg of a 3xTg-AD mouse. A: p75 immunoreactivity in the medial septum; white arrows
indicate the midline of the septum. B: Higher power photomicrograph of the section in ‘A’;
note marked loss of p75 positive cholinergic neurons in the right (lesioned) hemisphere. C:
ACNhE stained section showing loss of AChE activity in the right hemisphere RSg of thisanimal.
Arrow indicates the band of AChE in layer I11 of the control hemisphere. D: p75
immunoreactivity in a neighboring section to the one shown in ‘C’. Note loss of p75 labeled
axons in the right (lesioned) hemisphere. E: Neighboring section showing AB
immunoreactivity; note modest reduction of A in the right hemisphere of this case. Calibration
bars in A and B = 250um; bar in D = 100 um for C - E.
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Fig. 7.

Transverse sections from septum of 3xTg-AD mice. A and D: ChAT immunocytochemically
processed section from a 23 mo 3XTg-AD mouse, showing ChAT positive neurons in medial
septum, but not in lateral septum. B and E: Section from a neighboring section from this mouse,
processed for AChE histochemistry; note strong AChE labeling of fibers and some cells in
medial septum but only a few fibers in lateral septum. C and F: Section neighboring the section
in A, processed for AB immunoreactivity, showing dense Ap plaques in lateral septum, but not
in medial septum. Abbreviations: CC: corpus callosum; LS: lateral septum; MS: medial
septum. Calibration bar in C = 500 um for A — C; bar in F = 200 um for D-F.
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