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nAChRs gene expression
and neuroinflammation
in APPswe/PS1dE9 transgenic
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An evaluation of the APPswe/PS1dE9 transgenic AD mouse, presenting with the toxic AB1-42
deposition found in human AD, allowed us to characterize time-dependent changes in inflammatory
and cholinergic markers present in AD. Astrogliosis was observed in cortex and hippocampus,

with cellular loss occurring in the same areas in which AB plaques were present. In this setting, we
found early significantly elevated levels of IL-1 and TNFa gene expression; with the hippocampus
showing the highest IL-1 expression. To investigate the cholinergic anti-inflammatory pathway,
the expression of nicotinic receptors (nAChRs) and cholinesterase enzymes also was evaluated.

The anti-inflammatory nAChRa7, a4, and B2 were particularly increased at 6 months of age in the
hippocampus, potentially as a strategy to counteract A deposition and the ensuing inflammatory
state. A time-dependent subunit switch to the a3B4 type occurred. Whether a3, B4 subunits

have a pro-inflammatory or an inhibitory effect on ACh stimulation remains speculative. AB1-42
deposition, neuronal loss and increased astrocytes were detected, and a time-dependent change in
components of the cholinergic anti-inflammatory pathway were observed. A greater understanding
of time-dependent AB/nAChRs interactions may aid in defining new therapeutic strategies and novel
molecular targets.

Alzheimer’s disease (AD) is a progressive neurodegenerative condition, whose etiopathogenic mechanisms are
not totally understood. Its multifactorial character makes a definitive diagnosis and the development of new
drugs and effective treatment strategies challenging'. The amyloid-p (Ap) cascade hypothesis®® remains the most
accepted explanation underpinning the pathogenesis of AD, and although clinical trials conducted to reduce
AP in brain have not improved clinical outcome measures®, such failures have not led to the abandonment of
the amyloid hypothesis as AP is an invariant pathological feature in the post-mortem brain of AD patients. An
appreciation that Af alone does not account for AD pathogenesis, and that it interacts with and triggers other
cascades that, together, impact brain function has focused attention on combinatory mechanisms and particularly
on the cholinergic system, whose aberrations are the basis of the cholinergic hypothesis®.

The cholinergic hypothesis of AD is based on the development of a well characterized atrophy of the nucleus
of origin of cholinergic nerves, a decline in acetylcholinergic neurons that project to the cortex from the Meynert
nucleus, a decreased activity of acetylcholine transferase activity in the cortex, and a reduced expression of ACh as
well as of nicotine acetylcholinergic receptors (nAChRs)”®. These changes result from a progressive dysfunction
and death of forebrain cholinergic neurons with an extended cholinergic presynaptic denervation®>!°. nAChRs
are present on immune and glial cells, in addition to cholinergic neurons, and this immune cell expression has
attracted attention for potential therapeutic targeting of the inflammation that invariably occurs in neurode-
generative diseases, including AD'-!*. Nicotinic neuroprotection is considered mediated, in large part, via
a7nAChRs!. The a7 subunit has also been implicated in Ap toxicity, which has been reported to be bound to this
specific receptor subunit in post-mortem AD brains'>!¢, and may contribute to an imbalance in the cholinergic
anti-inflammatory pathway. The term “cholinergic anti-inflammatory pathway” was coined in recognition of
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Figure 1. Spatial distribution of AB-deposits in hemibrain from APPswe/PS1dE9 mice at different ages,
compared to an representative image from a 24-month old WT mouse. AB-deposits in (A) 6-month old, (B)
12-month old and (C) 24-month old APPswe/PS1dE9 mouse. (D) 24-month old WT mouse, stained for but
without any evident hemibrain AfB-deposits. Coronal section 50 pm. (x10). Anti-AB (green) and bismencimide
(blue). Bar 1 cm.

the ability of ACh to actively reduce the secretion of pro-inflammatory cytokines, and principally the synthesis
and release of Tumor Necrosis Factor-a (TNFa), Interleukin (IL)-1p, IL-6, and IL-18'7-'°, This important anti-
inflammatory pathway can be triggered following ACh binding of homopentameric a7nAChRs on peripheral
immune cells and macrophages, but also directly on immune cells and neurons within the CNS?°-%. The final
step in the cholinergic signalling pathway involves the degradation of ACh by the cholinesterase enzymes (acetyl-
(AChE) and butyrylcholinesterase (BuChE)). It has been reported that cholinesterase enzyme hydrolyzing activ-
ity is elevated in neurodegenerative disorders such as Multiple Sclerosis®. In AD, this situation appears to be
more complex. An abnormal expression of AChE and BuChE has been observed in association with A plaques
and neurofibrillary tangles?>*, with colocalization?”?%. In this light, it is feasible that Ap is, in part, accountable
for the increases in cholinesterase enzyme levels surrounding plaques and vice versa?~° and, additionally, that
hyperphosphorylated tau induces the expression of AChE enzyme®'. A reduced AChE enzymatic activity has
been reported by several studies®***, as have elevations in BuChE*?, and therefore the role of cholinesterase
enzyme still remains complicated and multifaceted in AD, with further studies being required. A resulting lower
availability of ACh would detrimentally impact synaptic transmission and the anti-inflammatory pathway. Thus,
in addition to AP and amyloid deposition mediating neuronal injury and impaired cholinergic function, neuro-
inflammatory cascades are chronically triggered and drive AD pathogenesis®»**. In this regard, glial cells, such
as astrocytes and microglia, are abnormally activated and, thereby, not only contribute to the pathogenesis of
neurodegenerative disorders®?® but also provide a therapeutic target to potentially resolve chronic neuroinflam-
mation and potentially slow disease clinical course.

In the current study, our focus was to aid elucidateion of the pathogenic processes across the AD time course.
Specifically, we evaluated the cerebral cortex and hippocampus of a widely used transgenic mouse model of AD
(APPswe/PS1dE9 mice) to characterize potential crosslinks between inflammatory molecules and cholinergic
components in brain areas specifically involved in AD.

Results

Time-dependent AB-deposit distribution in the brain. To evaluate AR deposition, sections of the
hemibrain of our Tg (APPswe/PS1dE9) mouse model were labelled for immunofluorescent analysis. Ap 1-42
specific antibody was used to visualize the distribution of AP deposits in Fig. 1. In APPswe/PS1dE9 mice, Ap
accumulation started precociously, and by 6-months of age AP deposits were already evident, as particularly
noted within the entorhinal and frontal cortex and the hippocampus (Fig. 1A). Ap specific fluorescence increased
in number and size over time, reaching a maximum at 24 months of age (the oldest animals studied) (Fig. 1B,C)
(Table 1). In this regard, in the representative Figure from 24-month old Tg mouse, AB deposits were widely dis-
tributed throughout almost all regions within the brain section (Fig. 1C). A representative immunofluorescent
image from a similarly aged WT mouse shows non-detectable AB-deposits (Fig. 1D).

Immunohistochemistry of AB plaques, astrocytes, and neurons, and their quantification in
cortex and hippocampus. To evaluate astrocyte presence together with time-dependent A deposition,
sections of the hemibrain of our Tg (APPswe/PS1dE9) mouse model were labelled for immunofluorescent
analysis with specific antibody anti-GFAP, the glial fibrillary acid protein (red) and AB 1-42 specific antibody
(Fig. 2). In the representative Figures from 6-, 12- and 24-month old AD Tg mice, GFAP fluorescence is widely
distributed throughout almost all regions, and increased over-time within the brain coronal sections (Fig. 2B2-
D2). An over-time increase is likewise shown for AB-deposits in Bl, C1, and D1, and, in particular, can be
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6 months 12 months 24 months p-value

C H C H C H Area Age Interaction
% GFAP 11.78+0.94 |11.37+1.41 |14.10£1.02 |13.38+0.97 | 16.55+0.56 | 15.43+1.19 0.398 | <0.001 | 0.501
% AP 9.06+0.82 7.40+0.54 15.17+£0.66 |11.63+0.76 |17.28+0.70 |13.38+1.02 <0.001 | <0.001 | 0.009
% neuN 18.07+1.06 |1544+0.73 |17.63+£0.59 |14.47+0.81 |17.51+1.32 |14.22+0.93 <0.001 0.017 | 0.908

Table 1. Percentage of GFAP, AP, and neuN in different brain regions and at different postnatal ages, in AD
Tg mice. Data are reported as mean + SEM. p-values derived from a linear mixed model with brain region as
the within variable and age as the between variable. C cortex, H hippocampus.
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Figure 2. Distribution in cortex and hippocampus of AP deposits and GFAP, in WT and APPswe/PS1dE9
mice at 6-, 12- and 24-months of age (representative images). (A1) AP deposits in 24-month old WT mouse.
(B1,C1,D1) time-dependent AP deposits in APPswe/PS1dE9 Tg mice. (A2) GFAP in 24-month old WT mouse.
(B2,C2,D2) time-dependent GFAP in APPswe/PS1dE9 Tg mice. (A3,B3,C3,D3) previous merged images.
Coronal section 50 pm (x20). Anti-Ap (green), anti-GFAP (red). Bar 1 cm.

noticed together with GFAP fluorescence within the merged images (Fig. 2B2-D2). A representative image from
24-month old WT mouse shows no evidence of reactive astrocytes (Fig. 2 A2) or AB-deposits (Fig. 2 A1, A3) a
non-evident reactive astrocyte Fig. 2 A2 or Fig. 2 A1, A3 and non-detectable AB-deposits.

The marked time-dependent increase of astrocyte number was quantified in both the hippocampus and
cortex (Table 1). AP plaques and astrocytes in 24-month old AD mice were significantly higher in comparison
to age-matched WT mice (WT cortex %Ap mean+ SEM: 0.28 £0.08, p <0.001; %GFAP mean + SEM: 6.55 +0.65,
p<0.001; WT hippocampus %Ap mean+SEM: 0.35+0.12, p <0.001; %GFAP mean + SEM: 5.34+£0.31, p<0.001).
In linear mixed models adjusting for the effect of age, statistically significant differences were detected for GFAP
(p<0.001) (Table 1). Moreover, in linear mixed models adjusting for the effect of brain area and age, statistically
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Figure 3. Distribution in cortex and hippocampus of A deposits and neuN, in WT and APPswe/PS1dE9
mice at 6-, 12- and 24-months of age (representative images). (A1) AP deposits in 24-month old WT mouse.
(B1,C1,D1) age-dependent AP deposits in APPswe/PS1dE9 Tg mice. (A2) neuN in 24-month old WT mouse.
(B2,C2,D2) age-dependent neuN in APPswe/PS1dE9 Tg mice. (A3,B3,C3,D3) previous merged images.
Coronal section 50 pm (x20). Anti-Ap (green), anti-neuN (red). Bar 1 cm.

significant differences between area and age were detected for AB (p= <0.001), and the interaction between brain
area and age was statistically significant too (p=0.009) (Table 1). This means that the time-dependent changes
of AP plaque accumulation varies within each considered area. In addition, the time-dependent increase of both
AP plaques and astrocyte number was significantly correlated both in hippocampus (rho =0.740, p <0.001) and
cortex (rtho=0.796, p <0.001).

In Fig. 3, together with time-dependent AP deposition (B1, C1, and D1), neuronal cells were also stained
using the specific antibody anti-neuN (B2, C2, and D2), and both are clearly apparent in the merged images (B3,
C3, and D3) in AD mice. A representative image from 24-month old WT mouse is also provided (Fig. 3A1-A3).
The fluorescence of neuN was quantified and was time-dependently reduced in AD mice. Hippocampus showed
a greater time-dependent neuronal loss with respect to cortex, in linear mixed models adjusting for the effect
of brain area and age; with statistically significant differences being detected for neuN (p <0.001 and p=0.017
respectively) (Table 1). Moreover, the time-dependent reduction of neurons and the increase in AP deposits
were significantly inversely correlated both in hippocampus (rho=-0.561, p=0.002) and cortex (rho=- 0.581,
p=0.001). A significant inverse correlation resulted between astrocyte and neuron number both in hippocampus
(rtho=-0.382, p=0.045) and cortex (rho=— 0.528, p=0.004).

Immunohistochemistry of AP plaques, astrocytes, and neurons in cortex and hippocampus
from 24-month old AD (APPswe/PS1dE9) mice. Coronal sections of cortex and hippocampus were
further labeled in AD (APPswe/PS1dE9) mice at 24 months, in order to show the combined localization of Ap
deposits, astrocytes and cell nuclei fluorescence within these brain regions. Figure 4 provides representative
images from 24-month old AD Tg mice. AP deposition and the AD characteristic plaques are conspicuously
present in both the cortex and hippocampus (Fig. 4A,B). Moreover, the existence of astrogliosis is notably sur-
rounding the A deposits in both cortex (Fig. 4A1,A4) and hippocampus (Fig. 4B1,B4), and there is a lack of cell
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Figure 4. Presence of clusters of reactive astrocytes surrounding AB-deposits in APPswe/PS1dE9 mouse cortex
and hippocampus (representative images). (A) Distribution of AB-deposits in cortex coronal section 50 pm

of 24-months old AD (APPswe/PS1dE9) mouse (x10). (A1) Reactive astrocytes (x40). (A2) Distribution of
Ap-deposits, (x40). (A3) Cell nuclei (x40), arrows indicate the loss of cells in the same locality where there

are AP-deposits, and the presence of reactive astrocytes around and between the Ap plaques. (A4) Merged
(A1,A2,A3). (B) Distribution of AB-deposits in hippocampus coronal section 50 pm of 24-month old AD
(APPswe/PS1dE9) mouse (x10). (B1) Reactive astrocytes in granular layer of the gyrus dentate of hippocampus
(x40). (B2) Distribution of Ap-deposits, (x40). (B3) Cell nuclei (x40), arrows indicate the loss of cells in the
same location where there are AB-deposits, and the localization of reactive astrocytes around and between the
Ap plaques. (B4) Merged (B1,B2,B3). Coronal section 50 um. Anti-GFAP (red), anti-A (green), bismencimide
(blue). Bars 1 cm (A,B) and 0.5 cm (A1-A4, B1-B4).

6 months 12 months 24 months p-value

C H C H C H Area | Age Interaction
IL-1p 2.55+0.84 |6.29+1.49 |320+1.75 |8.92+2.66 |6.28+2.12 |7.38+2.45 |0.049 | 0.530 |0.542
TNFa 3.85+1.46 |1.81£0.33 |2.45+0.10 |2.38+0.59 |8.02+3.82 |2.78+£0.93 |0.055 |0.406 |0.367
MCP-1 1.53£0.17 | 1.31+0.30 |1.69+0.29 |1.35+0.41 |5.38+1.62 |4.57+1.58 |0.538 |0.026 |0.934

Table 2. Gene expression levels (2722%) of pro-inflammatory cytokines, in different brain regions and at

different postnatal ages, in AD (APPswe/PS1dE9) Tg mice with respect to age-matched WT mice. Data are
reported as mean + SEM. p-values derived from a linear mixed model with brain region as the within variable
and age as the between variable. Statistically significant comparisons with respect to WT mice are shown in
bold characters (p <0.05). C cortex, H hippocampus.

nuclei fluorescence in the same areas in which astrogliosis and Ap plaques are present (Fig. 4A3,B3). AP deposits
are largely observable in Fig. 4A2 (cortex), and Fig. 4B2 (hippocampus).

Time-dependent brain expression profile analysis of IL-1p and TNFa cytokines, and of MCP-1
chemokine in AD (APPswe/PS1dE9) mouse brain. To aid elucidate the neuroinflammatory environ-
ment and differential involvement of the hippocampal and cortical regions, IL-13, TNFa, and MCP-1 mRNA
expression was analyzed in 6-, 12- and 24-month old AD Tg mice, with respect to age-matched WT mice. Our
results demonstrate a generally lower elevated expression level of MCP-1 chemokine in AD vs. WT mice, as
compared to the pro-inflammatory cytokines, IL-18 and TNFa (Table 2). These data were additionally con-
firmed by normalizing the aged APP/PS1 (12 and 24 months) vs. APP/PS1 (6 months) assumed as the calibrator.
This additional analysis allowed us to exclude the influence of physiological aging in WT mice, on gene expres-
sion variation (data not shown). Interestingly, IL-1p and TNFa were significantly and substantially increased in
the hippocampus at the early 6 month time point in AD Tg mice, with respect to WT mice. In hippocampus,
this elevated expression of both pro-inflammatory cytokines remained significantly sustained. With respect to
cortex IL-1f and TNFa expression, neuroinflammation seems to be delayed (in comparison to that evident in
hippocampus) and peaked at 24 months. Changes in MCP-1 expression were largely similar in cortex and hip-
pocampus, and were relatively modest at 6 and 12 months of age (albeit reaching statistical significance in the
cortex). However, MCP-1 expression was substantial and reached its highest level at 24 months of age, in both
hippocampus and cortex.
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Figure 5. Cytokine/chemokine expression levels in cortex and hippocampus at different postnatal ages in AD
(APPswe/PS1dE9) Tg mice with respect to age-matched WT mice. Bar plots graphically depict the mean and
SEM of pro-inflammatory cytokine/chemokine gene expression levels in cortex and hippocampus at different
postnatal ages. Statistically significant p-values, after adjustment according to the FDR methods, are graphically
depicted too.

6 months 12 months 24 months p-value

C H C H C H Area | Age Interaction
nAChRa7 0.89+0.10 4.64+1.61 |0.13£0.04 |2.82+1.65 |0.66+0.12 |0.26+0.11 |0.026 |0.032 |0.059
nAChRa4 0.96+0.05 2.35+£0.52 | 0.27+0.03 |1.72£1.00 |0.82+0.24 |0.91+£0.22 |0.020 |0.110 |0.177
nAChRB2 0.90+0.05 3.41+£0.63 |0.17+0.02 | 1.83+1.02 |0.81+0.21 |0.48+0.16 |0.005 |0.004 |0.007
nAChRa3 2.24+1.01 5.39+1.97 |1.49+0.38 |2.96+1.90 |1.96+0.48 |3.20+1.18 |0.178 [0.599 |0.810
nAChRp4 3.20+£0.96 |14.86+5.26 |1.10+0.11 |1.16%£0.26 |3.88+1.12 |3.47+0.29 |0.239 |0.434 |0.550

Table 3. Gene expression levels (2722¢") of nAChRs, in different brain regions and at different postnatal ages,

in Tg mice respect to age-matched WT. Data are reported as mean + SEM. p-values derived from a linear
mixed model with brain region as the within variable and age as the between variable. Statistically significant
comparisons with respect to similarly aged WT mice are shown in bold characters (p <0.05). C cortex, H
hippocampus.

Moreover, in linear mixed models that adjusted for the effect of age and the interaction between age and brain
areas, a statistically significant difference between areas was detected for IL-1P expression (p=0.049) (Table 2).
Conversely, in the same models adjusting for the effect of brain areas and the interaction between age and areas,
a statistically significant difference between ages was detected for MCP-1 expression (p=0.026). Notably, no
interaction between age and brain areas was evident in our models for all the pro-inflammatory cytokine gene
expression levels (Table 2). This means that the variation of gene expression levels is attributed to only one of
the analyzed factors.

In post-hoc analyses, a statistically significant increase in MCP-1 gene expression levels was found within the
cortex between 6 and 24 months (p=0.048) (Fig. 5).

Brain expression profile analysis of nAChRs in AD (APPswe/PS1dE9) Tg mice. In relation to
changes in nAChRs expression, an increase in receptor subunits a3 and 4 was largely evident across all analyzed
ages in both the hippocampus and cortex, in which gene expression remained significantly sustained with respect
to age-matched WT mice (Table 3). These data were additionally confirmed by normalizing the aged APP/PS1
(12 and 24 months) vs. APP/PS1 (6 months), assumed as the calibrator. This additional analysis allowed us to
exclude the influence of physiological aging in WT mice, on gene expression variation (data not shown). In gen-
eral, the highest expression levels of receptor subunits a3 and 34 were evident in the younger (6 months) AD Tg
mice that, although decreasing overtime, remained elevated with respect to WT groups. In cortex, the expression
levels of nAChRa7, a4, and B2 subunits were lower than those in age-matched WT mice. Notably, at 6 months
of age, the expression levels of the same subunits were found to be higher in the hippocampus (p <0.05) and not
significantly different at 12 months in hippocampus of AD Tg mice, vs. WT. At 24 months, levels of nAChRa7,
a4, and P2 subunits in hippocampus had declined, and similar to levels detected in the cortex (Table 3).
Furthermore, in linear mixed models adjusting for the effect of age and the interaction between age and
brain areas, a statistically significant difference between areas was detected for nAChRa7, a4, and B2 (p=0.026,
p=0.020, and p =0.005, respectively) (Table 3). Additionally, in linear mixed models adjusting for the effect
of brain area and the interaction between age and areas, statistically significant differences between age were
detected for nAChRa7 and B2 (p=0.032, and p =0.004, respectively) (Table 3), and the interaction between brain
area and age was statistically significant with regard to nAChR2 expression (p=0.007) (Table 3). This means that
the time-dependent changes in nAChRp2 gene expression levels varies within each considered brain area. In post-
hoc analyses, a statistically significant increase in nAChRa7 gene expression levels was found in the hippocampus,
between 6 and 24 months (p =0.029) and within the 6 month group between brain areas (p=0.031) (Fig. 6).
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Figure 6. nAChRs expression levels in cortex and hippocampus at different postnatal ages. Bar plots graphically
depict the mean and SEM of nAChR a7, a4, 2, a3, and 4 gene expression levels in cortex and hippocampus
at different postnatal ages. Statistically significant p-values, after adjustment according to the FDR methods, are
graphically depicted too.
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Figure 7. Graphical representation of age-related IL-1p and nAChRa7 expression levels and AP deposition

in cortex and hippocampus. Bar plots graphically depict the mean and SEM of IL-18 and nAChRa7 gene
expression levels and the percentage of AP deposition in cortex and hippocampus at different postnatal ages. The
trend lines for the same parameters are depicted too with P coefficient+ SEM for IL-1f: 1.8+ 1.1, for nAChRa7:
—0.1+0.1, and for AP: 0.4+0.1 in cortex, and with P coefficient + SEM for IL-1p: 0.5+ 1.4, for nAChRa7: —
2.240.8, and for AP: 0.3+0.1 in hippocampus.

Likewise, a statistically significant increase in nAChRP2 gene expression levels was found within the hip-
pocampus, between 6 and 24 months (p=0.001) and within the 6 month group between brain areas (p=0.001)
(Fig. 6).

Over-time relation between AB plaques, anti-inflammatory nAChRa7, and proinflammatory
IL-1B. Figure 7 reports the over-time trend of IL-1p and nAChRa7 gene expression levels and the percentage
of AP deposition, quantified from immunofluorescent sections obtained from cortex and hippocampus at differ-
ent postnatal ages. The relationship between mouse age and gene expression, as well as immunofluorescent data,
are represented as [ coefficients for both cortex and hippocampus, in AD Tg mice, and were reported in the sup-
plementary table. In both brain areas, a positive relationship was found between age and A, as well as age and
IL-1PB (Fig. 7). Conversely, a negative relationship was evident between mouse age and nAChRa7. Interestingly,
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6 months 12 months 24 months p-value

C H C H C H Area | Age Interaction
AChE 0.96+0.06 |1.14+0.20 |0.84+0.10 |0.41+0.10 |2.14+0.59 |1.07+0.18 | 0.087 |0.029 |0.124
BuChE 0.72+£0.07 | 3.59+0.73 | 0.24+0.03 | 1.12+0.43 |1.03£0.27 | 0.63+0.16 | 0.004 |0.003 |0.002

Table 4. Gene expression levels (2722%) of cholinesterase enzymes, in different brain regions and at different
postnatal ages, in AD Tg mice in comparison to age-matched WT mice. Data are reported as mean + SEM.
p-values derived from a linear mixed model with brain region as the within variable and age as the between
variable. Statistically significant comparisons with respect to WT mice are shown in bold characters (p <0.05).
C cortex, H hippocampus.
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Figure 8. Cholinesterase enzymes expression levels in cortex and hippocampus at different postnatal ages.
Bar plots graphically depict the mean and SEM of AChE and BuChE gene expression levels in cortex and
hippocampus at different postnatal ages, in comparison to WT mice. Statistically significant p-values, after
adjustment according to the FDR methods, are graphically depicted too.

this relationship between age and nAChRa7 seems to be more marked in hippocampus (B coefficient + SEM = —
0.1+0.1 and — 2.2+ 0.8 in cortex and hippocampus, respectively).

Brain expression profile analysis of AChE and BuChE enzymes in AD (APPswe/PS1dE9) Tg
mice. A mRNA expression analysis of AChE and BuChE demonstrated largely different time-dependent
changes for the enzymes in the two brain regions studied, with respect to levels in WT mice. These data were
additionally confirmed by normalizing the aged APP/PSI (12 and 24 months) vs APP/PS1 (6 months), assumed
as the calibrator. This additional analysis allowed us to exclude the influence of physiological aging in WT mice,
on gene expression variation (data not shown). Whereas changes in AChE and BuChE were negligible between
AD Tg and WT mice at 6 months of age in cortex, they were more substantial at 24 months. On the contrary,
BuChE was increased at 6 months with respect to 24 months of age in hippocampus (Table 4).

In linear mixed models adjusting for the effect of brain area and the interaction between age and areas, sta-
tistically significant differences between age was detected for AChE and BuChE (p =0.029 and p=0.003 respec-
tively) (Table 4). Moreover, in linear mixed models adjusting for the effect of age and the interaction between
age and brain areas, statistically significant differences between areas was detected for BuChE (p=0.004) and
the interaction between brain area and age was statistically significant too (p=0.002) (Table 4). This means that
the time-dependent changes of BuChE gene expression levels varies within each considered area. Likewise, a
statistically significant increase in AChE gene expression levels was found within the cortex, between 6 and
24 months (p=0.028), and between 12 and 24 months (p =0.028). A statistically significant decrease in BuChE
gene expression levels was found within hippocampus, between 6 and 24 months (p <0.001), and between 6 and
12 months (p=0.002); within the 6 month group a significant increase of BuChE between brain areas occurs
(p<0.001) (Fig. 8).

Discussion

In humans, AD is an heterogenous condition, which in the relatively few hereditary familial cases derives from
key mutations within the amyloid precursor protein (APP) and presenilin 1-2 (PSEN 1-2) genes, and from the
resulting increased presence of AP deposition and aggregates of hyperphosphorylated tau protein. Sporadic
AD (sAD) onset accounts for more than 90% of the disease cases, in which initiation and progression of the
disease is associated with aging and an aberrant post-translational modification of A peptide that ultimately
leads to amyloid accumulation, aggregation, and neurotoxicity*®?’. AP peptide generation and aggregation are
recognized to drive the onset of inflammation and neurodegeneration. Several transgenic mouse models have
been produced to characterize gene mutations associated with the disease. Whereas none of them totally mirror
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the human AD condition, each provides insights and has specific advantages and caveats depending on how
they are used. The double transgenic mouse model B6.Cg-Tg (APPswe, PSEN1dE9) 85Dbo/J strain (common
name: APPswe/PS1dE9) expresses a chimeric mouse/human amyloid precursor protein (Mo/HuAPP695swe)
and a mutant human presenilin 1 (PS1-dE9) and, in accordance with several previous studies®®-*°, was used
in this study as a model of AD. In this AD Tg murine model, an early and high formation of extracellular
insoluble A peptides derives from the cleavage of membrane-bound APP through the action of the -secretase
enzyme (B-site APP-cleaving transmembrane aspartic protease, BACE 1) together with the action of an impre-
cise y-secretase enzyme activity. AP peptides, containing 39-42 amino acid residues are thereby produced and,
among these, AB 1-42 is found present in senile plaques*'. Under physiological conditions, APP is also cleaved
by the a-secretase enzyme, producing a neurotrophic and neuroprotective soluble ABPP form*>*. In neurons,
non-amyloidogenic and amyloidogenic pathways compete physiologically, promoting a neuroprotective and
neurodegenerative microenvironment***>,

In AD, A generation and inadequate clearance represents a continuous process that chronically leads to
amyloid plaque formation, neuroinflammation, neuronal dysfunction and, downstream, also to tau pathology.
Our described double transgenic mouse model allowed us to study time-dependent changes in key inflamma-
tory and cholinergic molecules, which may derive from AP accumulation, considering amyloid pathology is well
represented in this model, whereas neurofibrillary tangles/tau pathology do not manifest. As evident in Fig. 1,
AP deposition occurs early within the brain of these mice, being already detectable at 6 months of age in cortex
and hippocampus. Amyloid plaques in human AD brain are considered to locally stimulate an innate immune
response. The persistent presence of such plaques mediates chronic inflammatory responses that are both orches-
trated by and detrimental to adjacent astrocytes, microglia and neurons, and their normally synergistic and
supportive interactions. Neuroinflammation, facilitated by pro-inflammatory mediators released by activated
astrocytes, microglia and macrophages in the cerebral cortex and hippocampus, is hence a key feature of AD*.

Astrocytes are the most abundant cells within the CNS, and substantially contribute to the maintenance
of optimal neuronal activity?’. In 24 months old AD Tg mice, the results of our immunofluorescence analysis
show a reduced number of neurons that are significantly inversely correlated with GFAP and A percentage, and
point to astrogliosis, together with an increased AP plaques deposition being deleterious to adjacent neurons
(Fig. 4)*. Specifically, astrogliosis was observed encircling AP deposits in cortex (Fig. 4A1,A4) and hippocampus
(Fig. 4B1,B4), and neuronal neuN fluorescent quantification revealed cell loss in both brain areas, over-time
(Fig. 3B2-3,C2-3,D2-3) (Table 1). Evidence shows that activated astrocytes are closely associated with amyloid
plaques in the cortex of human AD patients, and likely contribute to Ap toxicity*’. Astrocytosis has as a final
goal that ultimately involves Ap internalization and its degradation®. The elevated expression and release of
pro-inflammatory cytokines, characterizing amyloidosis, can lead to chronically high levels of pro-inflammatory
mediators and local generation of reactive oxygen and nitrogen species in the brain; inducing a self-propagating
inflammatory cascade®*!. This can drive heightened production and aggregation of amyloid into cross-B-sheet
fibrillar deposits, and lead to neuronal death through mechanisms that are yet to be fully elucidated. Amyloi-
dosis can therefore be considered as not only a cause, but also as a consequence of long-standing inflamma-
tory disease®?. In this scenario, gene expression analyses of IL-1$ and TNFa pro-inflammatory cytokines were
performed (Table 2). IL-1 plays a key role in the pathogenesis of AD inflammation by initiating a cytokine cycle
and stimulating resident immune cells**-*°. In this regard, in the hippocampus and cortex of our AD mouse
model we found a tell-tale early and persistent activation of the inflammatory process. In all ages studied, the
hippocampus showed the highest IL-1{ expression level (Table 2). These levels can additionally be compared to
those measured by our group in a prior study focused on elevated inflammatory cytokine levels in the olfactory
bulb and entorhinal cortex of APPswe/PS1dE9 mice, where high levels of A are also present™.

In the current study, in order to evaluate whether cortex and hippocampus mRNA levels of MCP-1 were
increased, we analyzed its gene expression level and observed that MCP-1 reached its highest level at 24 months
of age, in both hippocampus and cortex (Table 2), with only modest rises at 6 and 12 months. MCP-1 is a par-
ticularly potent chemokine in its ability to amplify an inflammatory response and subsequent tissue reactions.
It achieves this by regulating microglia migration and recruitment of astrocytes around A plaques as well as to
areas of neuroinflammation, as evident in our immunofluorescent images in cortex and hippocampus of our AD
Tg mice. MCP-1 and other chemokines released directly by astrocytes and microglia, or indirectly by endothelial
cells, can also attract monocytes and T lymphocytes from the periphery into the CNS; thereby, providing a role
to counteract infection, remove debris, and initiate tissue reparative processes. In human AD as well as in our
APPswe/PS1dE9 mouse model, the initially valuable inflammatory response can become chronic, due to persis-
tent rising AP deposition as well as an imbalance in the cholinergic anti-inflammatory pathway.

The evaluation of the expression of anti-inflammatory nAChRa7, a4, and B2 showed higher levels at 6 months
of age in the hippocampus of AD Tg mice than in age-matched WT mice; likely in response to the Ap deposition
and ensuing inflammatory state. nAChRs are ion ligand-gated channels and, in skeletal muscle, agonists such
as ACh or nicotine can induce ion channel opening and generation of inward Na* and Ca?* currents to support
rapid membrane depolarization and a cellular response. This occurs in the order of milliseconds to elicit neuronal
excitation or skeletal muscle contraction®”8. nAChRs expressed within the CNS are involved in relatively slow
functional changes such as in regulation of memory and in addiction®®. In the cerebral cortex, persistent nAChR
stimulation triggers pro-survival cell signaling through the phosphoinositide 3-kinase (PI3K) cascade, and leads
to an up-regulation of Bcl-2, promotion of neuronal survival and neuroprotection against challenges such as Ap
toxicity®"%. Within hippocampal neurons, nAChRs induce long-term potentiation of synaptic transmission®,
and in the striatum nAChRs regulate dopamine release®. A total of 17 subunits (al1-10, p1-4, Y, 8, and ¢) have
been identified in nAChRs. Among CNS nAChRs the major subtypes are represented by two forms: a hetero-
oligomer of a4 and 2 subunits, (a4),(p2); (a-bungarotoxin-insensitive) and homo-oligomers of a7 subunits (a7)s
(a-bungarotoxin-sensitive). CNS nAChRs are expressed in neurons and glia across various brain areas®”**>-¢",
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Accumulating evidence suggests that a7 nAChR and ACh are likewise expressed in immune cells, macrophages
and microglia, and possess an anti-inflammatory and immune modulating activity'*%*. Activated a7 nAChR
binds directly to JAK2 and triggers the JAK2/STAT3 pathway interfering with the activation of TLR-induced
NF-kB, which is responsible for pro-inflammatory cytokine transcription’®”!. nAChR o4 and B2 subunits can,
similarly, be considered to be anti-inflammatory, because their decreased expression has been associated with
cognitive impairment in a prior study on brain ischemia in rats’?. In that particular study, nicotine administra-
tion resulted in higher mRNA expression of a4p2 nAChRs and a reduced expression of pro-inflammatory TNFa,
IL-1pB, IL-6. In turn, a reduced mRNA expression of a4p2 nAChRs was associated with elevated expression of
inflammatory factors”

In our study, we observed that the number of astrocytes and the expression of the a7 nAChRs in the hip-
pocampus, were early increased (at 6 months), and time-dependently decreased (over 12 and 24 months) (Fig. 7).
This potentially indicates a homeostatic neuroprotective role against A toxicity, in accord with its regionally-
dependent expression pattern and with the ability of Ap to activate or inhibit the a7 receptor’>”#. Akaike et al.
reported an involvement of a7 nAChRs in the metabolism of AP and, thereby, further associated its potential
involvement with the amyloid cascade®®, In line with an elevated a7 nAChR expression at 6 months, we found
increased levels of nAChRa4 and B2 in AD Tg mouse hippocampus that followed the same timeline. Consid-
ering the anti-inflammatory role of nAChR a7, a4, and B2 in the cholinergic anti-inflammatory pathway, we
speculate that their elevated expression at 6 months might be an attempt to mitigate the already established pro-
inflammatory profile and A toxicity in the brain of our AD Tg mice”. In the face of continuous and unrelenting
accumulating AP and increased inflammatory cyto-chemokines, lower expression of nAChR a7, a4, and B2 in
cortex, with respect to age-matched WT mice, and the time-dependent reduction of these subunits in hippocam-
pus, highlight the impaired expression of anti-inflammatory cholinergic markers, as is also evident in olfactory
bulb and entorhinal cortex in our prior study®. Lykhmus et al., observed decreased a7 nAChR subunit, both
mRNA and protein, and an increased expression of a3 and 4 subunits in mouse brain after LPS-induced neu-
roinflammation. Moreover, nicotine administration (3 day treatment) up-regulated both a7 and a4p2 nAChRs,
and did not influence a3p4 levels”. A down-regulation of a7 nAChRs was accompanied by an increase of a3p4
nAChRs, also in a7 mice or in mice chronically treated with LPS”””%. Our results demonstrate a significant
sustained expression of nAChR a3 and B4 in cortex and hippocampus at 6 months. The expression of nAChR
a3 and B4 subunits always remained higher than that measured in the WT, in both cortex and hippocampus. In
contrast, the expression of nAChR a7, a4, and B2 was found lower than levels determined in the age-matched
WT, in hippocampus. On combining the results of reported studies and our data, we suggest that chronic Ap
1-42 deposition may modulate nAChR subtypes expression, favoring a3p4 subunits. Thus, our studies together
with others suggest that not only does AP 1-42 induce local immune cell activation and neuroinflammation, but
it also seems able to “modulate” the molecular components of the brain’s cholinergic anti-inflammatory pathway.
Whether or not a3 4 nAChRs have a pro- or anti-inflammatory role after nicotine or ACh stimulation remains
a matter of speculation, as these specific receptor subtypes need to be more deeply studied.

Important regulators of cholinergic signaling and of the cholinergic anti-inflammatory pathway are the cho-
linesterase enzymes, AChE and BuChE, in relation to their hydrolyzing activity of ACh. AChE levels have been
reported to decrease during inflammation; thereby, increasing ACh availability in order to stimulate the cholin-
ergic anti-inflammatory pathway”. ACh has been shown to attenuate the release of pro-inflammatory cytokines,
such as IL-1 or TNFa, by peritoneal monocytes and macrophages in response to LPS, by binding to and activating
a7 nAChRs®. The anti-inflammatory role of ACh and the cholinergic anti-inflammatory pathway has also been
characterized in other tissues, including peripheral immune cells that, likewise, express the a7 receptor®®®!. In this
light, the key roles of cholinesterase activity in the cholinergic anti-inflammatory pathway are likely important
in neurodegenerative disorders and AD, and warrant characterization. In our AD Tg mouse model, the mRNA
expression analysis of AChE and BuChE showed different expression trends in relation to the different brain
regions and postnatal ages evaluated. Both AChE and BuChE were lower at 6 months with respect to 24 months
of age in the cortex but, in contrast, they were early increased at 6 months and then declined at 24 months of age
in hippocampus. The time-dependent reduction of neurons and the increase of AP deposits in hippocampus, in
accord with the over-time imbalance in the cholinergic system as well as inflammatory mediators, suggest that
hippocampus may be earlier involved in AD onset. In this scenario, Ap deposits in hippocampus may induce,
in addition to their other toxic actions, an early increased cholinesterase expression that contributes to the
elevated expression of pro-inflammatory cytokines as a consequence of lower ACh availability. A progressive
downregulation of cholinergic markers has been consistently reported in AD, including esterases®. Notably, our
study focused on mRNA expression levels, and hence cannot be extrapolated to protein levels or to enzymatic
hydrolytic activity in relation to AChE or BuChE, let alone identify which molecular form such enzymes may
preferentially exist as; all of which provide interesting avenues for further research. Our results, nevertheless,
suggest that, in the AD Tg (APPswe/PS1dE9) mouse model, there is a time-related crosstalk between AP and
differences in the gene expression of the cholinesterase enzymes, in much the same manners as discussed for
pro-inflammatory cytokines and nAChRs. A better understanding of AB/a7 nAChR interactions, and of other
less studied nAChR subunits (such as a4, f2, a3 and 4), may support a deeper understanding of the underlying
neurodegenerative pathology in AD.

Materials and methods

Transgenic animals. The double transgenic mouse model B6.Cg-Tg (APPswe, PSEN1dE9) 85Dbo/] strain
(common name APPswe/PS1dE9) that expresses a chimeric mouse/human amyloid precursor protein (Mo/
HuAPP695swe) and a mutant human presenilin 1(PS1-dE9), as genotyped by PCR for APP and PSEN1 genes
following the protocol described by Jankowski ®, was used as a model of AD in our study. Littermates, Wild-
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Mouse PCR primer pairs [5'—3’]
Gene Forward Reverse
HPRT TTGGATACAGGCCAGACTTTG TGGCAACATCAACAGGACTC
BuChE TAGCACAATGTGGCCTGTCT ATTGCTCCAGCGATGAAATC
AchE ATTTTGCCCGCACAGGGGAC CGCCTCGTCCAGAGTATCGGT
nAChRa7 TGATTCCGTGCCCTTGATAG GAATGATCCTGGTCCACTTAGG
nAChRo4 GTAGAAGGCGTCCAGTACATTG | AGATCATACCAGCCAACCATG
nAChRB2 GCTTCATTGCGGACCATATG CCAAAGACACAGACAAAGACAAAG
nAChRa3 TCTGACTATGGTGGGGCAGA CGTAGGACCAGGAACCGAAC
NAChRB4 GACCTATGACCACACGGAGATA | GAGATGAGCAGCAGGAAGAATG
IL-1p TTGACGGACCCCAAAAGATG AGAAGGTGCTCATGTCCTCA
TNFa TGGAGTCATTGCTCTGTGAAG CCTGAGCCATAATCCCCTTTC
MCP-1 GGTCCCTGTCATGCTTCTGG CCTGCTGCTGGTGATCCTCT

Table 5. Primer pair sequences used in the study.

type C57BL/6 (WT) animals, were maintained under the same conditions, and used as a control group. For both
groups of APPswe/PS1dE9 and WT mice, only littermates males were used in our study as gender differences
in amyloid expression and disease progression have been noted in the literature®!. Mice were bred and housed
in ventilated racks, in groups of 5 mice under a 12 h day/night cycle with a half-hour transition at sunrise and
sunset, 50% HR and ad libitum food and water (irradiated global diet 2918 Harlan and water autoclaved), at the
Cajal Institute Animal House Facility. Experimental procedures were conducted according to the Council of
Europe (2010/63/UE) and Spanish guidelines, and were approved by the Ethical Committee of CSIC, Bioethi-
cal Committee at the Animals Research Spanish Council (CSIC) and the local authorities of the Community of
Madrid. During the experiments and the analysis, there were no exclusions of animals or data points. Groups of
AD Tg and WT mice were deeply anesthetized with pentobarbital (30-50 mg/kg) and euthanized at 6, 12 and
24 months of age. A total of 21 APPswe/PS1dE9 mice were evaluated in the current study; specifically, 6- and
24-month of age groups contained 8 mice each, and 5 mice in the 12-month age group. A total of 24 WT mice
were euthanized, 8 mice for each group of ages. For gene expression analysis, brains were removed and cerebral
cortex (C), and hippocampus (H) were dissected on wet ice. The samples were stored in RNAlater at 4 °C, for no
more than two weeks; representing a time necessary to organize the workflow in the laboratory. Subsequently,
we proceeded with the extraction of the RNA from the tissues and their conservation at — 80 °C. To perform
immunofluorescence studies, after deep anesthesia, a total of 21 AD Tg male mice and 21 WT male mice (7 mice
for each age group) were transcardially perfused with paraformaldehyde 4% (PF), pH 7.4. Brains were then post-
fixed in PF overnight at 4 °C.

Immunohistochemistry. The immunohistochemistry analyses were performed as previously described
by Reale et al.*® After 4 °C overnight fixation, brains were removed from skulls and sliced as 50 um coronal sec-
tions by vibratome. The slices were transferred to phosphate buffer saline (PBS) containing 0.1% Triton X-100
(PBS-T) for 5 min and then blocked for 60 min in 5% NGS in PBS-T. Sections were incubated in the follow-
ing primary antibodies: p-amyloid antibody (1:250; Cell Signaling), mouse anti-GFAP (1:1000; Millipore) and
mouse anti-neuN (1:1000; Chemicon) in the same blocking solution, for 48 h at 4 °C. After further rinsing, the
sections were incubated for 2 h with Alexa Fluor 488 and Alexa Fluor 568 conjugated goat anti-rabbit, and goat
anti-mouse (1:1000; Invitrogen, Carlsbad, CA, USA) antibodies. Finally, sections were rinsed, counterstained
with bismencimide (Hoechst 33342, 1:50,000), and mounted onto slides in Mowiol. Images were obtained on a
Leica TCS-SP5 confocal microscope, acquiring two or three different channels simultaneously.

The Image Unit of the Cajal Institute CSIC previously developed an Image] based macro (2.0.0-rc-19/1.49 m;
Java 1.6.0_24) and we used this to quantify the number of AB-deposits (larger than 3 pm) in a selected area,
and calculate the percentage of the area occupied by AB-deposits, within our confocal images. The area used to
measure AB-deposits, in each of the slices, was the same area used to calculate the percentage density of astrocytes
or neurons. The slices and the area used to perform the measurements were similar across all age group analyses.
Three different 20X confocal images for each of the selected areas (hippocampus and cortex) were evaluated.

RNA extraction, reverse transcription, and Real-Time PCR (qPCR). Brain tissues were removed
from RNAlater and total RNA from the AD Tg and WT mouse brain was isolated using the QIAzol lysis reagent
(Qiagen, Hilden, Germany), in accord with the manufacturer’s recommendations.

As previously described by Reale et al.*®, the concentration of total RNA was assessed with NanoDrop 2000
UV-Vis Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Thereafter, 1 pg of total RNA was tran-
scribed to cDNA using the QuantiTec Revers Transcription Kit with integrated removal of genomic DNA con-
tamination (Qiagen, Hilden, Germany), according to the manufacturer’s instructions.

Next, Real-Time PCR assays were performed in triplicate using GoTaq qPCR Master Mix (Promega, Madi-
son, USA), and specific mouse primer pairs were used to evaluate the expression of proinflammatory cytokines,
nAChRs, cholinesterase enzymes (AChE and BuChE) and APP.
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Relative expression of each gene was normalized by HPRT gene using the ACt method, where ACt=Ct
(BuChE, AChE, nAChRa7, nAChRa4, nAChRp2, nAChRP4, nAChRa3, IL-1B, TNFa, MCP-1)—Ct (HPRT).
Primer pair sequences used in the study are reported in Table 5. Relative fold changes in gene expression were
determined by the 274 method, where AACt=ACt Tg mice—ACt WT mice. cDNAs of AD Tg mice were
prepared in parallel with the cDNAs of WT mice (Table S1).

Statistical methods. The primary aim of our study was to test differences in terms of AP deposits at differ-
ent timepoint. To verify the sample size adequacy was verified according to the grade of freedom of our ANOVA
test. We considered our analysis powered enough if the grade of freedom, estimated as “E=Total number of
animals - Total number of groups” lied between 10 and 20, as previously described®. The latter resulted as
“E=21-3=18” for Tg mice.

Values of continuous variables, such as , were tested for normal distribution with the Shapiro-WilK’s test
and are reported as mean and standard error of mean (SEM) values. The fold change’ of gene expression levels
was calculated with the 2724 method®®. The hypothesis that ‘the fold change between AD Tg and WT mice was
equal to 1’ was tested with the Student’s t-test for unpaired data.

A linear mixed model, accounting for the random effect of each mouse, was fitted to test the association of
gene expression with different brain areas and mouse age (6, 12 or 24 months), and the interaction between con-
sidered brain areas and mouse age. When area and/or age were found to be predictors of gene expression, post-
hoc analyses were performed to evaluate differences in gene expressions between each area at every considered
age. The p-values deriving from multiple hypotheses testing were adjusted with the false discovery rate (FDR)
method. A Spearman’s correlation test was also carried out to study the relationship between immunochemistry
findings. Bar plots graphically depicted the mean fold change of gene expression levels and its SEM, at each age
within the considered areas. In all statistical tests, the threshold of statistical significance was assumed as p <0.05.
Data were analyzed within R environment (version 3.5.3, R project, Vienna, Austria).

2—AAC(
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