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Abstract: Alzheimer’s disease (AD) is the most common form of dementia, characterized by the
accumulation of β-amyloid plaques, tau tangles, neuroinflammation, and synaptic/neuronal loss,
the latter being the strongest correlating factor with memory and cognitive impairment. Through
an in vitro study on a neurons–astrocytes–microglia (NAM) co-culture system, we analyzed the
effects of cerebrospinal fluid (CSF) samples from AD and non-AD patients (other neurodegenerative
pathologies). Treatment with CSF from AD patients showed a loss of neurofilaments and spheroids,
suggesting the presence of elements including CX3CL1 (soluble form), destabilizing the neurofila-
ments, cellular adhesion processes, and intercellular contacts. The NAM co-cultures were analyzed
in immunofluorescence assays for several markers related to AD, such as through zymography,
where the expression of proteolytic enzymes was quantified both in cell extracts and the co-cultures’
conditioned medium (CM). Through qRT-PCR assays, several genes involved in the formation of
β-amyloid plaque, in phosphorylation of tau, and in inflammation pathways and MMP expression
were investigated.

Keywords: Alzheimer; CX3CL1; neuroinflammation; tau; β-amyloid

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia, affecting nearly
45 million people worldwide. The main neuropathological features of AD are the accumu-
lations of β-amyloid plaques, tau tangles, neuroinflammation, synaptic dysfunction, and
neuronal loss, the latter being the strongest correlating factor with memory and cognitive
impairment. Many of these pathological signs influence each other during the onset and
progression of the disease. Recent genetic evidence suggests the possibility of a causal
link between impaired immune pathways and synaptic dysfunction in AD. Emerging
studies also suggest that immune-mediated synaptic pruning could initiate the early-stage
pathogenesis of AD [1].

CX3CL1 is a chemotactic cytokine that influences Alzheimer’s pathology. It is com-
posed of 373 amino acids and is functionally divided into four domains: an extracellular
domain of 76 amino acids linked to an extended stem of 241 amino acids like mucin, fol-
lowed by transmembrane and intracellular domains of 21 and 35 amino acids, respectively.
CX3CL1 is a chemotactic cytokine widely expressed by neurons within the hippocampus
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and cortex. It is a transmembrane protein that exists both in the membrane-associated
form of neurons and astrocytes and in soluble form (sCX3CL1). The former acts as an
adhesion molecule and, after enzymatic processing, a signaling one, interacting with its
unique CX3CR1 receptor, present on the microglia. The soluble form is generated through
a proteolytic process, which plays a significant role in acute inflammation [2].

CX3CL1/CX3CR1 signaling mediates neuron–glia communication by keeping mi-
croglia in a resting state (quiescent or inactivated), thereby inhibiting the release of proin-
flammatory cytokines. Furthermore, it enhances the phagocytosis of pre-synaptic ele-
ments [3]. CX3CL1/CX3CR1 signaling can inhibit inflammation and tau phosphorylation
in AD, but it still results in an increase in the deposition of β-amyloid fragments. It has been
suggested that at the onset of AD, the intra-neuronal accumulation of β-amyloid causes a
slight decrease in CX3CL1/CX3CR1 signaling, resulting in increased Aβ phagocytosis and
the hyperphosphorylation of tau [4]. However, CX3CL1-mediated neuron–glia crosstalk in
the context of AD has reported conflicting results [5,6]. The CX3CL1/CX3CR1 interaction
plays an important role in maintaining a healthy and anti-inflammatory condition in the
brain. CX3CL1’s ability to be both an adhesion molecule and a soluble element makes it
likely to acquire a signaling function. However, it is not yet clear, for soluble CX3CL1, how
and how many forms are generated enzymatically during the dispersion of the molecule
and what changes are induced in the metabolic pathways after binding to its CX3CR1 recep-
tor. Some transcription factors (P38, β-catenin, NF-kB) and associated molecules (AKT and
GSK3-β) have been linked to AD. The activation of p38 has been reported to occur in the
early stages of AD. β-amyloid plaques have been found to stimulate microglia towards the
rapid activation of MAPK p38, resulting in the upregulation of proinflammatory cytokines
such as IL-1 and TNFα. Furthermore, IL-1 activates MAPK p38 in astrocytes and neurons,
causing excessive inflammation and the phosphorylation of tau [7]. The peptides have also
been reported to stimulate microglia to express high levels of IL-1, IL-6, and IL-18. The
production of proinflammatory cytokines induces the activation of astrocytes followed by
microgliosis [8]. Another AD-related pathway is the activation of Wnt/β-catenin signaling,
which inhibits the production of amyloid peptides and the hyperphosphorylation of brain
tau protein. An increase in the Wnt antagonist DKK1 causes a rapid decrease in the levels
of essential signaling proteins including β-catenin, cyclin D1, c-myc, Wnt7a, and PSD95 [9].
Another important hallmark of AD is the presence of intracellular tangles composed of
hyperphosphorylated forms of the microtubule-associated protein tau in neurons. GSK3 is
an important kinase associated with the hyperphosphorylation of the tau protein at the
phosphorylation sites relevant to AD. The activation of Wnt/β-catenin signaling results in
the inhibition of GSK3 activity and subsequent suppression of tau phosphorylation. Fur-
thermore, the activation of Wnt/β-catenin signaling can inhibit tau hyperphosphorylation
and neuronal death [9]. Apolipoprotein E4 (ApoE4) can inhibit Wnt/β-catenin signal-
ing [9]. Furthermore, NF-kB is involved in neurodegenerative diseases since it activates
ROS, characteristic elements of patients with AD [10,11].

As previously mentioned, CX3CL1, in addition to being an adhesion molecule, exists
in the soluble form, sCX3CL1. The soluble form is generated through the action of metal-
loproteases (MMPs), in particular ADAMs (a disintegrin and metalloproteinases) such as
ADAM10 and ADAM17 [12].

ADAM17 was found to be overexpressed in response to inflammation. In neuroinflam-
mation, it has been reported to be an activator, via proteolysis, of the membrane precursor
of TNFα, a cytokine that has been clearly correlated with AD [13]. For example, the recep-
tors for IL-1 and IL-6 are enzymatically processed by ADAM17. ADAM17, in addition to
having effects on the processing of cytokines and chemokines, is implicated in the cleavage
of growth factors. For example, TGFα is generated by processing by ADAM17 as a product
of TNFα [13].

Both ADAM17 and ADAM10 act on α-secretase, cleaving the amyloid precursor
protein APP and generating soluble and non-amyloidigenic fragments, exerting a neuro-
protective effect by inhibiting the formation of amyloid beta fragments (Aβ) [14]. Other
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enzymes involved in AD are also β-secretase and γ-secretase; the last one mediates the final
cleavage and release of Aβ, on which clinical studies have been carried out [15]. However,
the use of γ-secretase inhibitors has revealed the inhibition of the Notch signaling pathway,
so the modulation of γ-secretase over inhibition is clinically preferred, with less production
of Aβ fragments [16].

In this work, we went to evaluate how the cerebrospinal fluid, rich in the sCX3CL1
form, characterized based on canonical markers of Alzheimer’s disease in a previous
work [17], from Alzheimer’s and non-Alzheimer’s subjects (other neurodegenerative
pathologies) influenced the expression of specific markers on an “in vitro” co-culture
of neurons–astrocytes–microglia (NAM).

2. Results
2.1. Effects of CSF from AD and Non-AD Patients on NAM Co-Culture

CSF samples from AD patients and non-AD patients were used as evaluation elements
on morphological effects in a neurons–astrocytes–microglia (NAM) co-culture system.

The CSF samples used were selected from those analyzed in a previous study we
conducted [17]. As reported in Table 1, the three different groups, Aβ+Tau, Aβ-Tau, and
non-AD (four patients per group), were selected to have a very low variability compared to
the average value of the different markers used for their characterization biochemistry of
being AD or non-AD subjects.

Table 1. Average value recorded for each variable: Aβ 1–42, Aβ 1–40, Aβ 42/40 ratio, Tau-total, Tau-
phosphorylated, and CX3CL1. In the parentheses are reported the minimum and maximum values
for each sample. The σ2 is the variance determined between the samples according to “one-way
ANOVA”.

Variable Patients Tot
(n = 12)

Group Aβ+Tau
(n = 4)

Group Aβ-Tau
(n = 4)

Group Non-AD
(n = 4) σ2 *

Aβ 1–42 (pg/mL) 705.33 (402–1479) 507.75 (486–520) 455.50 (402–559) 1152.75 (979–1479) 0.47

Aβ 1–40 (pg/mL) 11,236.67
(6840–16,029)

16,029
(10,651–16,029)

8517.25
(6840–10,907)

12,070
(10,701–14,490) 0.19

Aβ 42/40 ratio 0.06 (0.03–0.11) 0.04 (0.03–0.05) 0.06 (0.05–0.06) 0.95 (0.08–0.11) 0.34

Tau-total 406.83 (158–711) 635.50 (557–711) 331.25 (255–380) 253.75 (158–302) 0.35
Tau-phosphorylated (181) 56.92 (27–91) 95.50 (82–125) 46.33 (41–50) 28.92 (27–30) 0.48

CX3CL1 0.45 (0.28–0.68) 0.52 (0.41–0.68) 0.55 (0.47–0.63) 0.30 (0.28–0.32) 0.26

* One-way ANOVA.

The NAM co-cultures were treated with CSF from eight AD patients (four patients
belonging to the group Aβ+Tau and four patients to the group Aβ-Tau) and four non-AD
patients (group non-AD) while the control wells were treated with the same volume of CSF
used by complete sterile PBS. After 24 h and 48 h of incubation time with CSF or PBS, the
morphology of the co-cultures was observed through optical microscopy.

As shown in Figure 1 and quantified in Table 2, at time 0, the astrocytes had a starry
morphology with different extensions and had formed a support network for the overlying
neurons; the neuronal cells had aggregated, forming multiple neurospheres. After 24 h of
incubation, no consistent differences were observed in the co-cultures treated with CSF from
AD patients (groups Aβ+Tau and Aβ-Tau) compared to that from non-AD patients (group
non-AD) and co-cultures not treated with CSF, used as a control (Control). Meanwhile,
at 48 h of incubation, the same morphology appeared for the co-cultures treated with
the CSF of patients of groups Aβ-Tau, non-AD, and Control in the co-cultures, while the
neural network of the co-cultures treated with the CSF of patients of group Aβ+Tau had
missing, substantially and completely, neurofilaments and spheroid, and many cells were
in suspension. This suggested the presence, in the CSF of AD patients of group Aβ+Tau, of
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elements having destabilizing effects on neurofilaments, cellular adhesion processes, and
intercellular contacts.
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Figure 1. Morphology of the co-cultures, observed through optical microscopy. The image represents
the NAM co-cultures at time 0 before the treatment of the NAM co-cultures and at times 24 and
48 h after the treatment with CSF from AD patients (group Aβ+Tau and group Aβ-Tau’) and non-AD
patients (group non-AD); the control wells were treated with complete sterile PBS. Bar = 200 µm.

Table 2. The average number of neurospheres and the average area occupied by them are reported
per type of treatment for 0, 24, and 48 h. The analysis conducted highlighted the substantial loss of
neurospheres in the samples treated with CSF from Aβ+Tau patients at 48 h.

Control Aβ+Tau Aβ-Tau Non-AD

0
n. neurospheres 6 ± 2 8 ± 3 9 ± 3 7 ± 2

Surface mm2 ≈23 ± 2.2 ≈44 ± 1.3 ≈69 ± 6.8 ≈19 ± 1.7

24 h
n. neurospheres 6 ± 2 7 ± 2 10 ± 3 6 ± 1

Surface mm2 ≈35 ± 1.5 ≈31 ± 6.0 ≈79 ± 13.3 ≈31 ± 1.9

48 h
n. neurospheres 7 ± 2 1 ± 2 7 ± 2 7 ± 2

Surface mm2 ≈37 ± 1.4 ≈0.14 ± 0.3 ≈86 ± 22.6 ≈24 ± 1.4

2.2. Gelatinolytic Activities and Their Quantification in CM and Cell Extracts from NAM
Co-Cultures Treated or Not with CSF

An in vitro evaluation, in NAM co-culture models, of the proteolytic cascade was
carried out, following the CSF treatment of AD subjects and non-AD subjects, through
gelatin zymography experiments (Zy) to identify proteolytic activities, especially of en-
zymes belonging to the MMP family. The zymography results are shown in Figure 2 (a
representative image of the different samples; in Figures S1 and S2, the zymographies of all
the samples analyzed are shown); although preliminary, these indicate the activation of the
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cascade of MMPs by elements preferentially present in the CSF of AD and non-AD subjects
in the CM and protein extracts.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 5 of 21 
 

 

 
Figure 2. Zymography assay of conditioned media (a,b) and protein extracts (c,d), in presence of 
CaCl2 (a–c) and EDTA (b,d), of the NAM co-cultures treated with CSF of AD patients (group 
Aβ+Tau and group Aβ-Tau) and non-AD patients (group non-AD). The control comprises the 
NAM co-cultures treated with complete sterile PBS (Cnt); in the figure, the lines for CSF represent 
the physiological gelatynolytic components generically present in CSF, both of AD and non-AD 
patients; M is the marker of the gelatin-digesting components present in the human blood (from 
top to bottom, MMP complex high molecular weight (hmw), MMP complex low molecular weight 
(lmw), Pro-MMP9, MMP9, Pro-MMP2, and MMP2). 

The results also showed a difference in MMP expression based on CSF incubation 
time (24 and 48 h). As a control, a zymographic analysis with CSF alone of AD and 
non-AD patients was performed to evaluate the baseline expression of MMPs present in 
the CSF (Figures 2 and S3). 

For a correct evaluation of the gelatinolytic activities observed through the zy-
mographies carried out with the different samples, these were evaluated in the integrat-
ed-density grey color (Image J64 program). In this type of analysis, for a broader under-
standing/generalization, samples Aβ+Tau and Aβ-Tau were combined as AD subjects. 

As shown in Figure 3, the collagenolytic activities identified in the CMs of the 
different subjects showed a greater expression in the first 24 h of treatment in AD patients 
compared to non-AD patients, an effect that was more or less canceled after 48 h. No 
analysis was performed on the zymograms of the CM developed in the presence of EDTA 
as there were no collagenolytic activities. 

The gelatinolytic activities identified and quantified in relation to the control 
(PBS-treated cells) were statistically evaluated according to the Mann–Whitney U-test 
(Table 3), as described in Section 4.10, for which the null hypothesis could be rejected for 
several samples, but not all. 

Figure 2. Zymography assay of conditioned media (a,b) and protein extracts (c,d), in presence
of CaCl2 (a–c) and EDTA (b,d), of the NAM co-cultures treated with CSF of AD patients (group
Aβ+Tau and group Aβ-Tau) and non-AD patients (group non-AD). The control comprises the NAM
co-cultures treated with complete sterile PBS (Cnt); in the figure, the lines for CSF represent the
physiological gelatynolytic components generically present in CSF, both of AD and non-AD patients;
M is the marker of the gelatin-digesting components present in the human blood (from top to
bottom, MMP complex high molecular weight (hmw), MMP complex low molecular weight (lmw),
Pro-MMP9, MMP9, Pro-MMP2, and MMP2).

The results also showed a difference in MMP expression based on CSF incubation time
(24 and 48 h). As a control, a zymographic analysis with CSF alone of AD and non-AD
patients was performed to evaluate the baseline expression of MMPs present in the CSF
(Figures 2 and S3).

For a correct evaluation of the gelatinolytic activities observed through the zymo-
graphies carried out with the different samples, these were evaluated in the integrated-
density grey color (Image J64 program). In this type of analysis, for a broader understand-
ing/generalization, samples Aβ+Tau and Aβ-Tau were combined as AD subjects.

As shown in Figure 3, the collagenolytic activities identified in the CMs of the different
subjects showed a greater expression in the first 24 h of treatment in AD patients compared
to non-AD patients, an effect that was more or less canceled after 48 h. No analysis was
performed on the zymograms of the CM developed in the presence of EDTA as there were
no collagenolytic activities.

The gelatinolytic activities identified and quantified in relation to the control (PBS-
treated cells) were statistically evaluated according to the Mann–Whitney U-test (Table 3),
as described in Section 4.10, for which the null hypothesis could be rejected for several
samples, but not all.
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Figure 3. Densitometric analysis of collagenolytic activities (integrated density) detected in the
CM of NAM co-cultures after treatment with CSF from AD and non-AD subjects at 24 h and
48 h, respectively. The gelatin-digesting components analyzed were the following: MMP com-
plex (hmw), MMP complex (lmw), Pro-MMP9, MMP9, Pro-MMP2, and MMP2, unidentified activity
n.1, and unidentified activity n.2. A strong increase in the expression of the MMP complex (lmw)
was observed at 24 h in AD subjects compared to non-AD subjects, with a reversal of trend at 48 h;
similar behavior was observed for the unidentified form n.1. On the other hand, both pro-MMP9 and
MMP9, in its active form, were overexpressed in AD subjects compared to non-AD subjects. Minor
differences were appreciable for pro-MMP2 and its active form, both at 24 and 48 h. The unidentified
gelatinolytic protein n.2 was, however, overexpressed compared to the control in the different CMs of
AD and non-AD subjects, analyzed both at 24 and 48 h.

Table 3. In the table are reported the analyses performed via Mann–Whitney U-test, in particular
the median values of samples compared to the median values of controls. The median values were
compared to the p-value. Based on the value of p-value, the hypothesis HO = null hypothesis (equality
of the compared values) was rejected for p < 0.05.

AD 24 h AD 48 h Non-AD 24 h Non-AD 48 h Control

MMP complex
(hmw)

Median value 7014 45,664 13,862 10,718 37,172

Median
control/Median

group value
5.30 0.81 2.02 3.47

p-value 6.72 × 10−2 4.63 × 10−5 3.11 × 10−5 6.59 × 10−2

* H0 NRH0 RH0 RH0 NRH0

MMP complex
(lmw)

Median value 200,709 16,995 5864 176,448 23,771

Median
control/Median

group value
0.12 1.40 4.05 0.13

p-value 1.41 × 10−4 2.59 × 10−2 1.44 × 10−2 7.21 × 10−3

* H0 RH0 NRH0 RH0 RH0
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Table 3. Cont.

AD 24 h AD 48 h Non-AD 24 h Non-AD 48 h Control

Pro-MMP9

Median value 200,709 533,356 1,224,000 2,261,163 494,851

Median
control/Median

group value
2.47 0.93 0.40 0.22

p-value 8.39 × 10−2 6.60 × 10−2 3.68 × 10−2 1.61 × 10−4

* H0 NRH0 NRH0 RH0 RH0

MMP9

Median value 1,524,560 420,993 1,823,910 1,099,278 954,958

Median
control/Median

group value
0.63 2.27 0.52 0.87

p-value 2.56 × 10−2 4.26 × 10−2 4.96 × 10−3 7.79 × 10−4

* H0 RH0 RH0 RH0 RH0

Pro-MMP2

Median value 85,105 26,260 4565 43,553 21,707

Median
control/Median

group value
0.26 0.83 4.76 0.50

p-value 2.92 × 10−2 4.07 × 10−2 3.95 × 10−4 2.03 × 10−3

* H0 RH0 RH0 RH0 RH0

MMP2

Median value 2,374,832 1,074,324 1,620,570 1,973,878 889,265

Median
control/Median

group value
0.37 0.83 0.55 0.45

p-value 1.28 × 10−5 1.57 × 10−6 2.45 × 10−2 3.01 × 10−6

* H0 RH0 RH0 RH0 RH0

Unidentified
n.1

Median value 9,138,799 6,588,153 5,562,824 6,376,780 4,500,691

Median
control/Median

group value
0.49 0.68 0.81 0.71

p-value 5.91 × 10−2 5.20 × 10−2 3.15 × 10−2 9.95 × 10−3

* H0 NRH0 NRH0 RH0 RH0

Unidentified
n.2

Median value 340,872 88,358 193,501 251,461 77,672

Median
control/Median

group value
0.23 0.88 0.40 0.31

p-value 4.13 × 10−2 4.16 × 10−2 3.75 × 10−2 1.22 × 10−2

* H0 RH0 RH0 RH0 RH0

The * is refered to HO, the Null hypotesis about statistical analyses.

The same evaluation, of integrated density, was also conducted on the collagenolytic
activities present in the extracts (see M&M) of NAM in the co-culture, treated with the CSF
of AD subjects (Aβ+Tau and Aβ-Tau) and non-AD subjects (non-AD), and developed in
the presence of CaCl2 or EDTA.

As shown in Figure 4a, the Ca2+-dependent collagenolytic activities identified per
m.w., but not per species (characterization studies are in progress), were, in general, more
represented in AD samples at both 24 and 48 h compared to non-AD samples. Similarly, the
analysis of the collagenolytic bands obtained in the presence of EDTA (Ca2+-independent
proteases), as shown in Figure 4b, also identified by m.w. but not by species, presented a
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behavior similar to that previously described, that is, a greater enzymatic activity in the
AD samples at both 24 h and 48 h compared to the non-AD samples.
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Figure 4. Densitometric analysis of collagenolytic activities (integrated density) detected in the
extracts from NAM co-cultures after treatment with CSF from AD and non-AD subjects at 24 h and
48 h, respectively; these were developed in presence of CaCl2 (a) and in presence of EDTA (b) and
were valued. The m.w. of the different proteolytic enzymes was determined using m.w. markers
expressed in blood. In AD subjects at 24 and 48 h, in the extracts developed in the presence of Ca2+

ions (a) and in the presence of EDTA (b), the overexpression of all gelatinolytic activities was noted
compared to non-AD subjects.

Also in this case, the gelatinolytic activities identified both in the zymographies
developed in the presence of Ca2+ and EDTA were quantified compared to the mean of
the medians in relation to the control (cells treated with PBS) and statistically evaluated
according to the Mann–Whitney U-test (Table 4), as described in Section 4.10. For this
evaluation, the null hypothesis could be rejected for several samples, but, even in this case,
not all.

Table 4. In the table are reported, also in this case, the analyses performed via Mann–Whitney U-test,
in particular the median values of samples compared to the median values of controls. The median
values were compared to the p-value. Based on the value of p-value, the hypothesis HO = null
hypothesis (equality of the compared values) was rejected for p < 0.05.

AD 24 h AD 48 h Non-AD 24 h Non-AD 48 h Control

Unidentified n.1 in
Ext. + Ca2+

Median value 43,562 63,854 67,741 56,330 51,098

Median
control/Median

group value
1.17 0.80 0.75 0.91

p-value 2.28 × 10−2 3.72 × 10−2 4.76 × 10−5 4.17 × 10−2

* H0 RH0 RH0 RH0 RH0
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Table 4. Cont.

AD 24 h AD 48 h Non-AD 24 h Non-AD 48 h Control

Unidentified n.2 in
Ext. + Ca2+

Median value 77,405 137,758 2808 11,558 62,219

Median
control/Median

group value
0.80 0.45 22.16 5.38

p-value 3.12 × 10−2 4.96 × 10−1 3.09 × 10−1 0.90 × 10−2

* H0 RH0 NRH0 NRH0 NRH0

Unidentified n.3 in
Ext. + Ca2+

Median value 200,709 533,356 1,224,000 2,261,163 645,695

Median
control/Median

group value
3.22 1.21 0.53 0.29

p-value 1.27 × 10−6 9.04 × 10−4 5.55 × 10−3 5.60 × 10−2

* H0 RH0 RH0 RH0 NRH0

Unidentified n.4 in
Ext. + Ca2+

Median value 1,667,101 1,920,203 829,256 1,072,515 1,420,225

Median
control/Median

group value
0.85 0.74 1.72 1.32

p-value 1.54 × 10−2 9.84 × 10−2 1.79 × 10−2 2.83 × 10−2

* H0 RH0 NRH0 RH0 RH0

Unidentified n.1 in
Ext. + EDTA

Median value 85,105 26,260 4565 4355 359,557

Median
control/Median

group value
4.22 13.69 78,77 8,26

p-value 2.92 × 10−2 4.07 × 10−2 3.95 × 10−4 2.03 × 10−3

* H0 RH0 RH0 RH0 RH0

Unidentified n.2 in
Ext. + EDTA

Median value 1,733,179 1,778,225 495,814 1733,189 1,549,198

Median
control/Median

group value
0.89 0.87 3.12 0.89

p-value 4.23 × 10−2 6.54 × 10−3 2.21 × 10−3 4.23 × 10−2

* H0 RH0 RH0 RH0 RH0

The * is refered to HO, the Null hypotesis about statistical analyses.

2.3. Immunofluorescence Staining Using Different Antigens on NAM Co-Cultures Treated with
CSF from AD (Aβ+Tau and Aβ-Tau), Non-AD (Non-AD), and PBS (Control) Subjects

The NAM co-cultures, after treatment with the CSF of the different subjects or with
the same volume of PBS (Control) for 24 h, were fixed in formaldehyde and analyzed via
immunofluorescence. In particular, the following antibodies were used for the specific
antigens: anti-CX3CL1, anti-CX3CR1, anti-p38, anti-β-catenin, anti PECAM, anti-glial
fibrillary and anti-CD11b fibrillar acid protein.

As reported in Figure 5, a low expression of CX3CL1 was observed in AD subjects
(Aβ+Tau and Aβ-Tau) compared to controls and non-AD subjects while a higher expression
of P38 was observed in AD subjects, especially in those treated with CSF from patients
Aβ-Tau, also, but with lower evidence in the Aβ+Tau group. The CX3CR1 receptor did not
seem to have substantial exchange on all analyzed conditions such as PECAM, a surface-
specific antigen. Meanwhile, β-catenin showed a consistent decrease in expression in NAM
treated with the non-AD CSF.
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Figure 5. Immunostaining of NAM co-cultures after treatment with CSF from AD (Aβ+Tau and
Aβ-Tau) and non-AD (non-AD) patients and with similar volume of PBS (Control) for 24 h. In the
figure, the blue staining represents the cells’ nuclei stained with DAPI; in green (FITC) and red (Texas
Red) are shown different antigens as indicated. The bar = 25 µm.

2.4. Quantitative PCR Performed on NAM Co-Cultures Treated with CSF from AD (Aβ+Tau and
Aβ-Tau) and Non-AD (Non-AD) Subjects at 24 h and 48 h, Respectively

qPCR analyses on mRNAs extracted from NAM co-cultures of AD and non-AD
subjects were conducted, using the Gapdh coding gene for housekeeping and normalizing
the values to restrict the gene expression in NAM co-cultures treated with PBS (negative
control). As shown in Figure 6, we chose genes recognized to exert a functional role in brain
inflammation including pro- and anti-inflammatory genes (Il1a, Il1b, Il6, Il10, Nfkb, Tnf,
Tgfb, P38, Cx3cl1). Similarly, genes encoding members involved in tau pathophysiology (β-
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catenin, Cdk5, Gsk3b, Prkca, Gnaz, Gnao) and amyloidogenesis (Lrp1, App, Psen1, Psen2, Bace1,
Bace2, ApoE, Fmrp, Abca, Apbb1, Apbb2, A2m, Aplp2, Aph1a, Hnrpc) were transcriptionally
analyzed. In addition, transcriptional changes in genes encoding MMPs (Mmp2, Mmp3,
Mmp7, Mmp8, Mmp9, Mmp10, Mmp11) were also profiled.
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Figure 6. Gene expression analysis of the main pathophysiological pathways in AD: inflammatory
processes (Inflammation), the hyperphosphorylation of tau (Tau), the formation of amyloid fibbers
(Amyloidogenesis), and extracellular matrix metalloproteases (MMPs). Heatmap representation
of the mean-centered data of RT-qPCR results shows the mRNA levels of analyzed genes in NAM
co-cultures treated with AD or non-AD CSF at 24 and 48 h with respect to Gapdh. Gene expression
values are colored from red (low) to green (high). Fold changes in log (2)-transformed values are
represented. NAM co-cultures treated with PBS were used as controls.

From the heatmap in Figure 6, it can generally be seen that in both AD and non-
AD subjects, there was an upregulation of almost all the genes involved in the inflam-
matory process, especially after 48 h of treatment, except for P38 and Akt, where it ap-
pears that treatments resulted in negligible effects on P38 transcriptional levels while Akt
was downregulated.

Different gene regulation profiles emerged when comparing genes regulating the
hyperphosphorylation of tau in NAM co-cultures treated with AD and non-AD CSF. In
particular, upregulation was observed in all the analyzed genes from AD-CSF-treated
samples, with the exception of Gsk3β and βcat, which were downregulated at 24 h and 48 h,
respectively. Interestingly, the Gsk3β mRNA levels increased at 48 h and the β-cat coding
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gene was mostly downregulated, both in AD and non-AD subjects. Conversely, treatment
with CSF from non-AD subjects provided different expression profiles because of a general
downregulation at 24 h and slight βcat, Prkca, and Gnao mRNA level increases at 48 h while
the others were unaffected or remained downregulated.

Among the gene set that was amyloidogenic-related, we found that for App and
ApoE, there was no marked change compared to the control condition (NAM co-cultures
treated with PBS) either at 24 or 48 h. Differently, in the co-culture treated with CSF
from AD subjects, at 48 h, there was an overexpression of all the other genes implicated
in amyloidogenesis. In NAM co-cultures treated with CSF from non-AD subjects, only
Bace1, Bace2, Apbb2, and Hnrpc were upregulated at 48 h; all the others, however, were
downregulated when compared to the control.

Also, members of the MMPs gene family were differently affected. Transcriptional
profiling of NAM co-cultures treated with CSF from AD subjects showed that, exclusively,
Mmp3, Mmp8, and Mmp11 resulted upregulated at 24 h whereas as a general rule, all the
Mmps were upregulated at 48 h. A more pronounced downregulation was observed in
co-cultures after treatment with non-AD CSF with the exception of Mmp2, Mmp8, and
Mmp10 levels (unchanged) and Mmp11 (upregulated) at 24 h. As had previously occurred,
with the exception of Mmp9, all the members were upregulated at 48 h.

3. Discussion

From what has been reported regarding the effects induced by the cerebrospinal
fluid of AD and non-AD subjects, we observed, from a morphological point of view, the
loss of morphology in NAM co-cultures. In particular, this was the case when referring
to the neurospheres when treated with CSF from AD subjects of group Aβ+tau; in the
Control group, group Aβ-tau, and group non-AD, any morphological modification was
not observed. This suggested that in the CSF of Aβ+tau subjects, there are elements
implicated in the structural organization of neurons, elements having destabilizing effects
on neurofilaments, cellular adhesion processes, and intercellular contacts.

We, therefore, analyzed, both in the CM and in the extracts from NAM co-cultures
treated with CSF from AD subjects (groups Aβ+tau and Aβ-tau, together) and non-AD
patients (group non-AD), the presence of gelatinolytic activities via zymography developed
in the presence of CaCl2 (activator of MMPs and other Ca2+-dependent proteolytic enzymes)
or EDTA. The proteolytic activity amount was determined through the integrated-density
grey color (Image J64 program (https://download.cnet.com/imagej-64-bit/3000-2192_4-
75879092.html (accessed on 1 June 2010))). Greater and high numbers of collagenolityc
activities were present in the CM and in the cell extracts from the NAM co-cultures (CaCl2)
in AD subjects compared to non-AD subjects. Furthermore, in the CM of AD subjects, there
were two bands of 58 kDa and 57.5 kDa, of which the first could be traced back to MMP8
while the second could be traced back to MMP1, MT1MMP (soluble form), or MMP10.
Moreover, in the CM of AD subjects, there were two bands of 58 kDa and 57.5 kDa, of
which the first could be traced back to MMP8 while the second could be traced back to
MMP1, MT1MMM (soluble form), or MMP10.

Also, in the cell extracts obtained from the AD samples, there were four proteolysis
bands of 144.5 kDa, 130 kDa, 75 kDa, and 74 kDa, which, at the moment, we do not know
to what we can compare.

Also, zymographies, developed in the presence of EDTA, of extracts from NAM co-
cultured cells treated with CSF from AD subjects showed gelatinolytic, Ca2+-independent
activities in higher numbers than those detected in extracts obtained after treatment with
the CSF of non-AD subjects. In particular, two bands of 79 kDAa and 76 kDa were present,
but even in this case, we are currently unable to trace them back to specific enzymes.

In immunofluorescence assays on NAM co-cultures treated with CSF from AD subjects,
we observed a decrease in the expression of CX3CL1, and with less evidence, in CSF from
non-AD subjects compared to the control. This was an effect that could be traced back to
sCX3CL1 generation by proteolytic enzymes present in the CSF. On the other hand, an

https://download.cnet.com/imagej-64-bit/3000-2192_4-75879092.html
https://download.cnet.com/imagej-64-bit/3000-2192_4-75879092.html
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increase in P38 was observable in slides treated with CSF from AD subjects compared to
the control (treated with PBS only) and the subjects treated with CSF from non-AD patients.

The reported data are supported regarding the expression of the messengers extracted
from the co-cultures treated with CSF from AD and non-AD patients and compared to
their basal expression in the co-cultures (mRNA extracted after treatment with PBS, same
volume of CSF).

As reported in Scheme 1, the expression of the different mRNAs analyzed would be
very different if the co-cultures were treated with CSF from AD or non-AD subjects.
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Scheme 1. Schematic representation of qRT PCR of extract RNA from NAM co-cultures under
induction by AD and non-AD CSF in comparison to the NAM co-culture treated with PBS, which
we can consider a healthy system. From the diagram, it can be seen that the CSF of AD subjects has
differently regulated mRNAs with respect to both the formation of Aβ and the inflammatory process
as well as in the formation of tangles and, last but not least, the activation of the metalloprotease
cascade, which can also be traced back to an important inflammatory process. In particular, both
CSFs lead to the upregulation of Bace1, Bace2, and β-secretase. In the formation of Ab from AD CSF,
there is upregulation of Psen1, Psen2, Aph1A, App, and Abca1 while γ-secretase, Aplpe, and ApoE
are downregulated. In the regulation of pathophysiological Tau, Cdk5 and Gsk3β are upregulated;
β-catenin is downregulated. In the inflammatory response, Tgfb, Tnf, Il1a, Il1b, Il6, Il10, and NF-kb
are upregulated; Akt and P38 are downregulated. As regards MMPs, Mmp2, Mmp9, Mmp3, Mmp7,
Mmp8, and Mmp11 are upregulated and Mmp10 is downregulated. Unlike treatment with CSF from
non-AD subjects, as regards the Aβ pathway, there is exclusively upregulation of ApoE while Psen1,
Psen2, Aph1A, γsecretase, App, Aplp, Abca1, and lrp are downregulated. In the pathophysiological
regulation of tau, there is an opposite regulation, with the downregulation of Cdk5 and Gsk3β and
the upregulation of β-catenin. In the inflammatory response, Tgfb, Tnf, Il1b, Il10, Nfkb, and P38 are
upregulated; Akt, IL1a, and IL6 are downregulated. Regarding MMPs, Mmp3, Mmp7, Mmp8, and
Mmp11 are upregulated and Mmp2, Mmp9, and Mmp10 are downregulated. In the diagram, the
arrows pointing upwards indicate upregulated genes, those pointing downwards downregulated
(Created with BioRender.com).

It is known that inflammation is a central mechanism in Alzheimer’s disease and
the activity of anti-inflammatory cytokines is crucial in maintaining a delicate balance of
immune responses to prevent the onset of chronic inflammatory diseases [18–20]. Therefore,
it is not unexpected that there will be an upregulation of Il10 and Tgfb, which likely
represents a tentative means to cope with the aberrant overexpression of the inflammatory
pathway members herein studied.
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Among different mechanisms regulating the pathophysiology of the brain diseases,
Wnt/β-catenin signaling is an essential signal transduction pathway that has emerged as
a central pivot for the regulation of multiple different pathways in Alzheimer’s disease
(AD) pathogenesis including neuronal survival, the inhibition of Bace1 expression, and
the suppression of Aβ production [9,21,22]. Moreover, it is widely accepted that the
triggering of Wnt/β-catenin signaling leads to a reduction in Gsk3β activity, resulting in the
subsequent inhibition of tau phosphorylation [23,24]. Pathway-focused gene expression
analyses showed concordant Gsk3β upregulation and β-catenin downregulation, especially
at 48 h, thus suggesting the onset of mechanisms leading the suppression of Wnt/β-catenin
signaling in NAM co-cultures treated with AD CSF. The qRT-PCR analyses also showed
the upregulation of Cdk5 and Prkca, which are involved in the pathogenesis of Alzheimer’s
disease [25,26] via tau phosphorylation in several sites. All this evidence is likely to support
the hypothesis for the accumulation of intracellular pathogenic NFT tangles. However,
since a different gene expression pattern was achieved in NAM co-cultures treated with
non-AD CSF, it appears that such possibilities did not occur in the absence of AD CSF.

Consistently, also, the overexpression of genes belonging to the amyloidogenic path-
way, recently discussed by Hampel et al. [27], as herein studied represents a proxy for the
promotion of a pathogenic background leading to neuronal degeneration.

In recent years, several lines of evidence have supported the contribution of MMPs
within the pathophysiological mechanisms of AD, especially due to interactions with Aβ

or tau [28–32].
Gsk3 is upregulated in AD while it is downregulated in non-AD, a finding supported

by the expression of β-catenin (negative regulator of Gsk3). It is also supported by the
expression of Nfkb, an activator of ROS neurons, characteristic of AD patients, although
it is also upregulated in animal cells treated with CSF from non-AD subjects, where an
inflammatory effect is nevertheless observed.

It is well known that in the pathology of Alzheimer’s disease, there is a condition
of generalized and progressive inflammation during its evolution, both occurring in the
brain system, then endothelial cells expressing CX3CL1 and its receptor CX3CR1. On the
other hand, the condition of hypoxia linked to tissue inflammation induces the release
by the proteolytic action of sCX3CL1. A clustering in specific membrane domains of a
whole series of proteolytic enzymes, in particular belonging to the family of extracellular
matrix metalloproteases (MMPs), has been highlighted, with the concerted action of these
enzymes in the digestion and arrangement of the ECM and the activation of a proteolytic
cascade [33].

According to the results, treatment with CSF from AD and non-AD subjects induces
the overexpression of several MMPs. The unidentified components in the CM of NAM
cultures could be traced back to the 58 kDa of MMP8 and the 57.5 kDa form MMP1 or
MT1-MMP (soluble form). Effectively, the qRT PCR showed the upregulation of Mmp8
and Mt1mmp (Mmp11) mRNA; however, we do not have information on Mmp1 and the
downregulation of Mmp10.

There is no doubt that in the analyses conducted on the effects of CSF from AD and
non-AD subjects, an important inflammatory response was activated by the co-culture. The
different behavior under the action of CSF from AD and non-AD subjects raises several
questions: (i) are different forms of sCX3CL1 activating different responses? (ii) Which
cellular components are targeted by sCX3CL1, and are they diversified? Many other
questions can be raised. But the fundamental question is: is sCX3CL1 really the “conductor”
underlying the observed inflammatory response?

4. Materials and Methods
4.1. CSF Sample

Patients with suspected clinical cognitive decline (CD) were evaluated by the Center
for Dementia and Cognitive Disorders at the Neurology Unit, University Hospital of
Palermo. For each patient, history was taken and a general physical and neurological
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examination was performed. Patients then underwent a cognitive/behavioral assessment
to clinically confirm and define the suspected CD. Caregivers underwent a structured
interview to quantify the severity of dementia: CDR (Clinical Dementia Rating) [34]. Once
CD was confirmed, patients underwent structural brain imaging (magnetic resonance
imaging) to rule out any secondary causes of CD (such as vascular disease or malignancy)
and to evaluate regional brain atrophy and brain imaging (PET) [35] to evaluate regional
brain glucose metabolism. A lumbar puncture (LP) was performed to collect cerebrospinal
fluid (CSF) [36]. The CSF was collected as a routine procedure in two different tubes:
one for standard physical and chemical analysis and a second, in polypropylene, for
neurochemical analysis. All CSF samples were centrifuged, aliquoted, and stored at −80 ◦C.
A chemical–physical examination of the cerebrospinal fluid (cell count, protein, and glucose
concentration) was performed to exclude an inflammatory/infectious disease in the brain
that could cause CD. Finally, specific levels of CSF biomarkers for AD (Aβ1–40, Aβ1–42,
Ratio Aβ42/40, t-tau, and p-tau) were determined according to clinical biochemistry. These
CSF samples obtained from AD and non-AD patients were analyzed for the presence of the
soluble form of CX3CL1, together with the canonical markers Aβ1–40, Aβ1–42, and Ratio
Aβ42/40, together with t-tau and p-tau, via ELISA and CLEIA test. Therefore, 3 groups
were generated and defined as Aβ+Tau and Aβ-Tau, AD patients; and non-AD subjects
with other different neuropathologies. Group Aβ+Tau consisted of 16 patients characterized
by an expression of Aβ forms and ratio, together with both total and phosphorylated
tau in the canonical representation for AD subjects; group Aβ-Tau included 12 patients
characterized by amyloidosis, where the amyloid fibers were well represented; however,
in the group Aβ-Tau, both total tau and phosphorylated Tau (p-Tau) were around normal
values; however, they represented, together with Aβ+Tau group, by clinical evaluation, the
AD subjects, i.e., sick. The third group, non-AD, included 18 subjects defined by us as non-
AD, based on characteristics, since the analyzed markers were in a range of non-Alzheimer
conditions, although clinically subject to different neuropathologies. The results obtained
highlighted the presence of CX3CL1 for a quantity greater than 40% in subjects with AD
compared to non-AD subjects. This suggests that CX3CL1 could be considered a possible
new marker for Alzheimer’s in the disease [17].

4.2. Evaluations of Aβ 1–42, Aβ 1–40, Aβ 42/40 Ratio, Tau-Total, Tau-Phosphorylated, and
CX3CL1 in Selected CSF Were Performed via Chemioluminescence Enzyme Immunoassay (CLEIA)
and ELISA in the Selected Groups of Aβ+Tau, Aβ-Tau, and Non-AD Patients

The CSF of Aβ+Tau, Aβ-Tau, and non-AD subjects was analyzed for the presence of
Aβ 1–42, Aβ 1–40, total tau (Tau-total), and hyperphosphorylated tau (Tau-phosphorylized)
via CLEIA. The analyses were conducted using Lumipulse G Total Tau and Lumipulse
Gp Tau 181 (in hyperphosphorylated tau identification), from Fujirebio Inc. Europe, Gent,
Belgium according to the instructions specified by the vendor. Meanwhile, the pres-
ence of CX3CL1 in the different groups was obtained via a sandwich-enzyme-linked
immunosorbent assay using the Wuhan Fibe Biotech Co. Kit (Wuhan, China) according to
manufacturer’s instructions.

4.3. NAM Co-Cultures

Neurons were purified from the cerebral cortexes of rat fetuses at day 16 of gesta-
tion and co-cultured with astrocytes and microglia (5 × 104/cm2) in a serum-free Maat
medium [37–39].

The cerebral hemispheres of 16-day-old rat fetuses were removed via aseptic surgical
procedure, placed in a falcon containing 20 mL of Hams F12 + 20% NCS (newborn calf
serum), and cleaned of their meningeal covers under a dissecting microscope. The tissue
was fragmented through a series of passes through a Pasteur pipette and then dissociated
via filtration through a nylon sieve (50 µm) by gently applying pressure using a rubber
“scraper”. To remove aggregates and cerebral vessels, the cell suspension was again filtered
through another nylon sieve (25 µm). After centrifugation at 250× g for 5 min, the cell
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pellets were resuspended in F12, washed twice, and, finally, resuspended in 5–10 mL of
Maat medium and plated at 2.5 × 105/cm2.

Obtained NAM co-cultures were treated with CSF from 8 AD patients (4 patients
belonging to group Aβ+Tau and 4 patients to the group Aβ-Tau) and 4 non-AD patients
(non-AD) while the control wells were treated, with the same volume of CSF used, in
completely sterile PBS. For applications (immunofluorescence, zymographic analysis, and
qPCR), at least three wells were generated for each type of treatment (see below). The NAM
co-culture was incubated with CSF samples or PBS at different times: 24 h and 48 h.

At least three different experiments were conducted for each type of evaluation.

4.4. Morphological Assay

Neuron cells were co-cultured with astrocytes and microglia (5 × 104/cm2), at a
density of 2.5 × 105/cm2 cells per well, in a 24 multiwell. Three wells were generated for
each sample, therefore: 12 treated with CSF from 4 Aβ+Tau subjects, 12 treated with CSF
from 4 Aβ-Tau patients, 12 treated with CSF from 4 non-AD people, and 12 developed
in the presence of complete PBS as a control. Phase contrast images (Carl Zeiss™ Axio
Vert.A1 FL-LED Inverted Microscope, Milan, Italy) of each well were acquired, and the
number of neurospheres per photographic acquisition was counted and the average of
these determined. Furthermore, the average surface area occupied by the neurospheres
was determined for each well, considering their heterogeneity in size.

Three different experiments were performed for each type of evaluation.

4.5. Immunofluorescence (IF) Assays

Neuron cells were co-cultured with astrocytes and microglia (5 × 104/cm2), at a density
of 2.5 × 105/cm2 cells per well, in a 24-multiwell slide containing sterile coverslip in Maat
medium. Three coverslips were generated for each sample, therefore: 12 treated with CSF
from 4 Aβ+Tau subjects, 12 treated with CSF from 4 Aβ-Tau patients, 12 treated with CSF
from 4 non-AD people, and 12 developed in the presence of complete PBS as a control.
After 24 h of growth at 37 ◦C, cell lines on the slides were fixed with 3.6% formaldehyde for
10 min and rinsed with PBS three times. The cells were permeabilized via treatment with a
0.2% Tron X-100 solution in PBS for 15′. Then, non-specific reaction sites were blocked by
adding a 3% BSA solution in PBS for 2 h at r.t. At this point, the cells were labeled with the
following primary antibodies diluted in PBS overnight at 37 ◦C: CX3CL1 antibody (1:80,
Abcam, Cambridge, UK), CX3CR1 antibody (1:50, Abcam), p38 antibody (1:100, Abcam),
β-catenin antibody (1:500, SIGMA Mialn, Italy), PECAM antibody (1:100, SIGMA), anti-
glial fibrillary (1:80, SIGMA) antibody, and anti-CD11b antibody (1:80, SIGMA). Following
3 washes in PBS, the cells were labeled with the following secondary antibodies diluted
in PBS for 2 h at 37 ◦C: Mouse Texas Red (1:250, SIGMA), Mouse FITC (1:250, SIGMA),
Rabbit Texas Red (1:250, SIGMA), and Rabbit FITCH (1:250, SIGMA), in specific association
with primary antibodies used. In some of the cells, the actin cytoskeleton was labeled with
phalloidin FITC (1:100 in PBS, SIGMA) for 5 min at room temperature. After 3 washes
with PBS, cells were stained with DAPI (1:20.000 in PBS, SIGMA) for 10 min, at room
temperature, for marking the nuclei in blue. Finally, the NAM slides were mounted and
observed through epifluorescence microscope (Leica, Wetzlar, Germany). Experiments
were performed three times.

4.6. Extraction of Soluble Proteins from NAM Co-Culture Cells

Neuron cells were co-cultured with astrocytes and microglia as previously described in
immunofluorescence experiments (without coverslips). After treatment with the different
CSFs or PBS, the conditioned medium was taken (conditionated medium, CM) and the
co-cultures were washed with PBS and without Ca2+ and Mg2+; detached by Trypsin-EDTA
1× in PBS, cells detached by 3 different wells of each type of treatment were collected
and impelled using centrifugation at 1000 rpm for 5′. The pellets were resuspended in
an appropriate volume (depending of the pellet size) of RIPA Buffer 1X (50 mM Tris-HCl
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pH 7.5; 0.5% sodium deoxycholate; 150 mM NaCl; 1% Triton X-100) supplemented with
protease inhibitors (1 mM of phenylmethylsulfonyl fluoride (PMSF); 1 µM of Pepstatin A;
100 µM Leupeptin; 10 mM Ethylenediaminetetraacetic acid (EDTA)). Therefore, samples
were incubated in ice for 15 min and constantly subjected to micro vortex mixer treatments,
then centrifuged at 10,000× g for 20′. The number of proteins extracted and presented
into the supernatant was calculated via the Bradford assay (Bradford Reagent, Sigma-
Aldrich) using different concentrations of bovine serum albumin (BSA) as standard. A
quantity of 10 µL of each conditioned medium of NAM co-cultures and 8 ng/sample of
proteins extracted were mixed with sample buffer 1X (62.5 mM Tris-HCl pH 6.8; 2.5% SDS;
0.002% Bromophenol Blue; 10% glycerol) and immediately situated in ice and analyzed via
zymography assay. Experiments were performed three times.

4.7. Zymography Assay

After treatment with the different CSFs or PBS, the conditioned medium was taken
(conditionated medium, CM). The CMs from 3 wells of each treatment were collected to
standardize the sample. The co-culture cells were washed with PBS without Ca2+ and
Mg2+; detached by Trypsin-EDTA 1× in PBS, cells detached by 3 different wells of each
type of treatment were collected and impelled using centrifugation at 1000 rpm for 5′.

The proteins were separated by 7.5% sodium dodecyl sulfate Polyacrylamide gel elec-
trophoresis (SDS-PAGE) that was gelatine-supplemented. After electrophoresis, gelatine
zymographies were extensively washed in Tris-HCl (50 mmol/L; pH 7.4) containing TRI-
TON X-100 2% to eliminate the excess of SDS. Then, they were incubated overnight at 37 ◦C
in two different developing buffers: activator buffer containing 2 mmol/L CaCl2, Tris-HCl
buffer (50 mmol/L; pH 7.4), 1.5% Triton X-100, and 0.02% Na3 Azide to activate gelatinases;
or inhibitor buffer containing 2 mmol/L EDTA and Tris-HCl buffer (50 mmol/L; pH 7.4)
containing 1.5% Triton X-100 and 0.02% Na3 Azide to inhibit gelatinase activities. After
incubation, gels were stained using Coomassie Brilliant Blue R-250 (Sigma).

4.8. RNA Isolation and cDNA Synthesis

Total RNA was extracted from NAM co-cultures using Trizol reagent (Invitrogen,
Carlsbad, CA, USA). Also, in this preparation, 3 wells per preparation were collected
together. RNA concentrations and quality were verified using spectrophotometry (optical
density (OD) at 260 nm) whereas the RNA integrity was checked using a 1.5% agarose gel.
The RNA was stored at −80 ◦C for future use. The extracted RNA (500 ng) was treated
with RNA qualified 1 (RQ1) RNase-Free DNase (Promega, Madison, WI, USA) to remove
any residual genomic DNA contamination, and the DNase was inactivated by adding
25 mM EDTA. First-strand cDNA was synthesized from 250 ng DNase-treated total RNA
samples using random primers and High-Capacity cDNA Reverse Transcription Kit (Life
Technologies Corporation, Carlsbad, CA, USA), following the manufacturer’s instructions.
The cDNA mixture was stored at −20 ◦C.

4.9. RT-qPCR

RT-qPCR was performed using the BIO-RAD CFX96 System with Power Sybr Green
as the chemical detection method (Applied Biosystems, Forster City, CA, USA). Real-time
PCRs were carried out in 96-well plates in a 20 µL mixture containing 1 µL of a 1:20 dilution
of the cDNA preparations, using the following PCR parameters: 95 ◦C for 10 min, followed
by 40 cycles of 95 ◦C for 10 s and then 60 ◦C for 60 s. The sequences of the specific primer
pairs used for qPCR are shown in Table 5. Samples were run in duplicate. The GAPDH
was chosen as reference gene and used to quantify the expression levels of the target genes.
Experiments were performed three times.
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Table 5. Oligonucleotide primers used in this study.

Gene Forward Reverse

Gadph 5′-CAACTCCCTCAAGATTGTCAGCAA-3 5-′GGCATGGACTGTGGTCATGA-3
Bace1 CCGAGACCTCCGAAAGTCTG GTGATGGCAGCAATGTTGG
Bace2 CGAACCACAGAGCCTCAACTG GAGTCCCCCTGAAGATTGTCC
Psen1 AGCGTCCGTAGCCAGAATG CGTCTTCCTCCTCATCTTGC
Psen2 CGGAGGAGGAGGAGGAAAG GCAGGAGGGTGAGACACAAG
App GCTGATGGCGGTGAAGAC GTGGCAATGCTGGTTGTTC
Lrp1 ACGAGTGCAGCACCACCTTC CTTTGCAGCTGTGGGGGTCA
A2m TCAGCAGCAGAAGGACAATG GCGGACAACAGGATGAGTG
Apbb1 TCACCAAGAAGGCTTTGAGG GCTGAGAAGGGCAATGTCC
Apbb2 GGGGTTGGAGAGGAGAAAGC CTGGACTGGGGTTTGTTTGG
Abca1 TTGGGAACGAAAGTTGGATG TGCCTGGTTGGTCTCATTG
Apoe GAACCGCTTCTGGGATTACCTG GCCTTTACTTCCGTCATAGTGTC
Il1b CAGCAATGGTCGGGACATAG TGACTTGGCAGAGGACAAAGG
Il1a GGAGAAGACAAGCCTGTGTTG GCTGCGGATGTGAAGTAGTTC
Cdk5 GCAGGGCGACCTCTCTTC TGGGCACGACATTCACC
Gsk3b TCCTCACGCTCGGATTCAG GGCTACTTGGGGCTGTTCAG
Aph1a TGCTGATTGTGGCTCACTTC GGAAAGGAGGGGTGCTAATG
Aplp2 CGTCGGCTGATGACAATG CCTTGGGGAGGTTCTTGG
Gnao1 TAATCTTCGCCGCTGGAATC CTCAAAGGGGAGAAAATCACG
Gnaz GGACAACGCCGCTTACTACC TCCCACATCCACCATCTTG
Prkca GGAAGCAGCCATCTAACAACC TGTCAGCAAGCATCACCTTTC
TNF GGTTCCGTCCCTCTCATACAC CCTCTGCCAGTTCCACATCTC
NFKB GCCTTGGTGGGGATGAGATC GGGAGTTCGGAACACAATGG
il6 AGTTGCCTTCTTGGGACTGATG CTGGTCTGTTGTGGGTGGTATC
il10 GCAGGACTTTAAGGGTTACTTGG GCTGTATCCAGAGGGTCTTCAG
tgfb1 CTGCTGACCCCCACTGATAC AAGCGAAAGCCCTGTATTCC
fmrp GCCACCAAGTTCCCTACCTTC GCGATGCTGTCTTTTGTTCC
hnRNPC CCTCCTCCTCCCATTGCTC CCCCGTTGTCCACTCTTTG
p38 TCGGTGTGTGCTGCTTTTG TCCCTGTAGGTCCTTTTGGC
akt GCCCAACACCTTCATCATCC TCCTCCTGCCGTTTGAGTC
bcatenina CTGGCAGCAGCAATCTTACC CGTGAAGGACTGGGAAAAGC
cx3cl1 GTGTCTCCTGGCTTTGCTG TGGTGGTGATGGCTCTGTAC
mmp2 AAGGATGGAGGCACGATTG CGGGGAACTTGATGATGG
mmp9 CACCACCGCCAACTATGAC AGGGGAAGACGCACATCTC
mmp3 CCTTGGGCTGAAGATGACAG CATTTGGGTGAACCTGGAAAG
mmp10 TGACCCCACTCACATTCTCC TGTCCCACTCCATCAAAAGG
mmp11 GGTCCCTGGTCCTGCTAGTAG CCTGCTCCCTTACAAGTTGC
mmp8 CCGACTCTGGTGATTTCTTGC AGTGAAGGTCAGGGTTGATGG
mmp7 GCTTCGCAAGGGGAGATC CCTCACCATCCGTCCAGTAC

4.10. Densitometry Evaluation of Protein Expression

To quantify different enzyme expressions selected by zymography gels, the images
were evaluated in integrated-density grey color by Image J64 program. Evaluation was
performed on SDS-PAGE or via zymography separation for each sample.

4.11. Statistical Analyses

The data obtained were evaluated for normality by applying the Shapiro–Wilk test.
The variance that occurred between the CSFs of different groups analyzed was determined
according to one-way ANOVA (p-value).

For the other analyses, see the limited number of samples used in the different experi-
ments, for which a canonic Student’s t-test could not be used below. The Mann–Whitney
U-test (nonparametric test) was applied. In particular, the medians between the Aβ+Tau,
Aβ-Tau, and non-AD objects were evaluated compared to the control (co-cultures of NAM
treated with PBS). Additionally, the values of the different bands in zymography, obtained
from the evaluation via integrated intensity (Image J64) of the different samples, were
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compared to the band values of the standards. The null hypothesis (HO—equality of values
between the two groups) was rejected for p < 0.05.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms25052510/s1.
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