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Abstract. Alzheimer’s disease (AD), the most common cause of dementia, is characterized by the deposition of extracellular
amyloid-� (A�) plaques and intracellular neurofibrillary tangles, and by neuroinflammation. During the pathogenesis of AD,
monocyte-macrophage lineage cells become increasingly ineffective in clearing A� deposits, less able to differentiate, and
shift toward pro-inflammatory processes. Beta-nerve growth factor (�-NGF) and its receptors, TrKA and p75NTR, produce
several biological responses, including cell apoptosis and survival, and inflammation. In the central nervous system, the
involvement of these receptors in several critical hallmarks of AD is well known, but their role in circulating monocytes
during the progression of dementia is unclear. We investigated the relationship between plasma �-NGF concentration and
TrkA/p75NTR receptor expression in monocytes of patients with mild cognitive impairment (MCI), mild AD, and severe
AD. We observed that plasma �-NGF concentration was increased with a higher expression of TrKA, but not of p75NTR, in
monocytes from patients with MCI and mild AD, whereas �-NGF concentration and TrKA expression were decreased and
p75NTR expression was increased, associated with caspase 3-mediated apoptosis, in patients with severe AD. In our study,
we show evidence of variation in plasmatic �-NGF and monocytic TrkA/p75NTR receptor expression during the progression
of dementia. These novel findings add evidence to support the hypothesis for the involvement of �-NGF and its receptors on
monocytes during AD progression.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
form of dementia in the elderly. It is associated
with extracellular deposition of amyloid-� pro-
tein (A�), intracellular neurofibrillary tangles, and
synaptic and neuronal loss [1]. Experimental results
suggest that a coexistent increase in neuroinflamma-
tion and a decrease in A� degradation are relevant
in AD pathogenesis and progression [2, 3] and
that monocyte-macrophage lineage cells play an
important biological role in this context. In AD,
microglia cells, the resident macrophages of the
brain, are activated to phagocytize and degrade A�
peptide. Also, they secrete elevated levels of pro-
inflammatory cytokines, such as interleukin-6 (IL-6),
IL-1�, and tumor necrosis factor alpha (TNF�) [4].
Altogether, this pro-inflammatory milieu contributes
to neuronal injury in the central nervous system
(CNS) [5].

Accumulating evidence points to the pivotal role
of peripheral monocytes in the pathogenesis of
AD. These circulating phagocytes are recruited in
microglia-damaged areas where they influence local
brain inflammation [6–8]. In comparison with healthy
subjects, peripheral monocytes of AD patients
present complex in vitro and in vivo impairments:
inefficient clearance of A� peptides, poor abil-
ity to differentiate, marked shortening of telomere
length, and increased production of pro-inflammatory
cytokines [9–13].

Conventionally, monocytes are divided into three
different functional populations based on the expres-
sion of CD14 and CD16: classical monocytes
(CD14++/CD16–) present anti-inflammatory char-
acteristics, produce high levels of IL-10, and exhibit
phagocytic activity; intermediate (CD14++/CD16+)
and non-classical (CD14+/CD16++) monocytes
have an inflammatory function, secret IL-1� and
TNF�, and show low peroxidase activity [14].

Nerve growth factor (NGF) is a multifunctional
neurotrophin that, besides its role in neuronal growth
and survival, exerts pleiotropic effects on various
populations of non-neuronal cells and is involved
in cancer growth and inflammation [15–18]. �-NGF,
the biologically active subunit of NGF, acts through
two types of receptors: the specific high-affinity
tropomyosin-related kinase A (TrKA) receptor and
the common low-affinity p75 receptor for neu-
rotrophins (p75NTR) that belongs to the TNF death
receptor family [19]. TrkA receptors activate cell
signaling pathways that induce cell proliferation,

differentiation, and survival, while p75NTR has
both pro- and anti-apoptotic effects [20, 21]. Mono-
cytes, macrophages, and T- and B-lymphocytes
normally express both of these types of �-NGF
receptors [22].

Alterations in �-NGF metabolic pathways in the
CNS have been linked to the development of AD.
Several studies have demonstrated that extracellu-
lar maturation of the NGF precursor (proNGF) is
impaired in AD, with enhanced degradation of �-
NGF, followed by a decrease in TrKA and an increase
in p75NTR expression in neurons [23, 24]. The
peculiar increase in p75NTR expression has been
associated with this receptor’s ability to bind and
internalize A� [25]. Furthermore, �-NGF-dependent
basal forebrain cholinergic neurons are known to pro-
gressively degenerate during AD [26]. The increase
in �-NGF and inflammatory cytokine concentrations
near A� plaques appear to be one of the early molec-
ular events that lead to neurodegeneration in AD [27,
28]. Analysis of cerebrospinal fluid (CSF) has also
demonstrated that �-NGF concentration is higher in
AD patients than in healthy controls [29–31]. More-
over, proNGF levels were found to be increased
in patients with mild cognitive impairment (MCI)
and AD as compared with healthy subjects and cor-
related with greater impairment on cognitive test
scores [32].

Although data on the involvement of �-NGF and
its receptors in the CNS during AD development are
congruent and converging, evidence for their changes
in peripheral blood cells are controversial. Schaub
et al. [33] reported a decrease in serum �-NGF in
pre-dementia, whereas Faria et al. [34] reported no
difference in patients with MCI or AD as compared
with healthy subjects.

The aim of this study was to investigate the rela-
tionship between plasma �-NGF concentration and
TrkA/p75NTR receptor expression on monocytes
from patients with MCI, mild AD, and severe AD in
order to evaluate their peripheral involvement during
the progression of dementia.

MATERIALS AND METHODS

Sample collection

Forty-six patients with MCI or AD were recruited
at the Neuromotor and Cognitive Rehabilitation
Research Center (Department of Neurosciences,
Biomedicine and Movement Sciences), Azienda
Ospedaliera Universitaria Integrata of Verona, and
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at the Mons. A. Mazzali Foundation, Mantua, Italy.
Clinical diagnosis of MCI and AD was established
according to the National Institute of Neurolog-
ical and Communicative Disorders and Stroke –
Alzheimer’s Disease and Related Disorders Asso-
ciation (NINCDS-ADRDA) work group criteria for
probable AD [35]. Dementia severity was assessed
by means of the Mini-Mental Status Examination
(MMSE) [36] and the Clinical Dementia Rating scale
(CDR) [37, 38]. The AD patients were divided in two
groups according to the severity of dementia: those
with MMSE scores <15 and CDR 3 were catego-
rized as having severe AD (sAD), those with MMSE
scores between 15 and 24 and CDR 1-2 were cate-
gorized as having mild AD (mAD), while those with
MMSE scores >24 and CDR 0–0.5 were categorized
as having MCI.

A control group (CTRL) composed of healthy
elderly individuals was recruited from the same
geographical area. All subjects underwent complete
clinical and laboratory investigations. Exclusion cri-
teria were: a history of depression or psychosis,
alcohol or drug abuse, other neurological (e.g., mul-
tiple sclerosis, Parkinson’s disease, brain injuries,
stroke), cardiac, orthopedic (e.g., osteoarthrosis), or
respiratory conditions (e.g., chronic obstructive pul-
monary obstruction). All experiments with human
samples were done after informed consent obtained
from the patients or their relatives in accordance with
the tenets of the Declaration of Helsinki, as part
of a protocol approved by the Institutional Review
Board of the Azienda Ospedaliera Universitaria
Integrata (Verona, Italy).

Sample preparation

Venous peripheral blood (20 mL) was routinely
collected between 9 : 00 and 10 : 00 from patients
and CTRL in a fasted state and processed within 2 h
to obtain plasma and peripheral blood mononuclear
cells (PBMCs).

Plasma preparation

Plasma was separated from peripheral blood by
centrifugation (1200 rpm for 20 min at 4◦C) and kept
at –80◦C until analysis [39].

Isolation of human PBMCs and monocytes

Blood was drawn on ethylenediaminetetraacetic
(EDTA) acid and diluted in phosphate-buffered saline

(PBS) (Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 2 mM EDTA, pH 7.4 (PBS/EDTA)
and layered on Lympholyte® (Cedarlane Labora-
tories Limited, Burlington, ON, Canada) (density
1.077 g/mL) according to the manufacturer’s proto-
col. The resulting interphase containing PBMCs was
isolated and washed with PBS/EDTA at 300 g for
10 min at 21◦C. Platelets were removed by repeated
centrifugation at 200 g for 15 min.

Monocytes were isolated from PBMCs by deple-
tion of CD14– cells (negative selection) using
a Monocyte Isolation Kit II (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the man-
ufacturer’s instructions. Purity of monocytes was
more than 96% as determined by a fluorescent-
activated cell sorter using anti-CD14 antibody
(Miltenyi Biotec).

β-NGF determination

Plasma and medium concentration of �-NGF were
measured by enzyme immunoassay ELISA (DuoSet
ELISA development R&D System, #DY256-05)
according to the manufacturer’s protocol. The amount
of �-NGF was determined by measuring absorbance
at 450 nm. The standard curve demonstrated a direct
relationship between optical density and �-NGF
concentration. Plasma or culture medium �-NGF
concentration was expressed in pg/mL (detection
limit 31.25 pg/mL) or pg/105 cells, respectively.
Though the kit is designed to measure mature �-NGF,
we cannot exclude that it may also be used to measure
pro-NGF.

Flow cytometry immunofluorescent staining

Freshly purified PBMCs and cells cultured in the
presence/absence of A�42 either alone or with �-
NGF were resuspended in PBS containing 0.5% BSA
(Gibco BRL, Milan, Italy) at a final concentration of
1 × 106 cells/mL. All procedures were performed at
4◦C. A gating strategy was used for FACScan analy-
sis. In brief, cells were visualized first on a forward
and side light scatter plot, and a gate was drawn
around the monocyte population while excluding the
remaining contaminating lymphocytes, neutrophils,
and debris. Monocytes and their subsets were concur-
rently identified through stepwise gating of daughter
populations [40]. Neutrophils, natural killer (NK) and
natural killer T (NKT) cells were excluded from these
cells by CD66b expression, and then CD56 and CD3
expression, respectively. The resultant population
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was then visualized on a plot comparing CD14 and
CD16, and a gate was drawn to define the classi-
cal banana-shaped monocyte cloud. The gates were
then placed around the monocyte subsets. The fol-
lowing fluorochrome-labeled mAbs were used to
identify TrKA and p75NTR receptors on monocyte
subsets: FITC-labeled rabbit anti-human p75NTR
extracellular domain (#ANT-007-F, Alomone Labs,
Jerusalem, Israel) [41] and PE-labeled mouse anti-
human TrKA (FAB1751P, R&D System, Italy) [42].
The following Abs were used for the gating strategy
and monocyte immunophenotyping: PerCP-Cy5.5
conjugated anti-CD14 mAb (#550787, clone M5E2,
Becton Dickinson, Franklin Lakes, NJ, USA), mAb
FITC-conjugated anti-CD66 mAb (#555724, clone
G10F5, Becton Dickinson), PE-conjugated anti-
CD56 (#555516, clone B159, Becton Dickinson),
PE-conjugated anti-CD3 (#555340, clone HIT3a,
Becton Dickinson), and PE- and FITC-conjugated
anti-CD16 mAb (#555407 and #555406 respectively,
Becton Dickinson). All FACS reagents were used at
the concentration recommended by the manufactur-
ers. Cells were then washed, resuspended in staining
buffer (PBS+2% FBS+1% paraformaldehyde), and
analyzed by FACS or analyzed for intracellular
cytokine staining.

Intracellular cytokine staining

Intracellular staining was performed after sur-
face specific antibody labeling as described above.
Briefly, cells were treated with Perm/Fix solution
(FIX&PERM Cell Permeabilization kits, #88-8824-
00, eBioscience) and incubated for 30 min at 4◦C
in the dark with IL6-PE-conjugated (eBioscience,
#12-7069) and IL10-PE-conjugated (eBioscience,
#12-0167). After washing with Perm/Fix solution,
cells were resuspended in staining buffer and pro-
cessed by flow cytometry analysis.

Flow cytometry analysis

A FACS Calibur (BD) equipped with a single 15-
mW argon ion laser operating at 488 and 633 nm and
interfaced with CellQuest Software (Becton Dick-
inson) was used. Samples were run using isotype
controls or single fluorochrome-stained preparations
for color compensation. The results were expressed as
percentage of positive cells/antibody used for staining
(% positive cells) and as mean fluorescent intensity
(MFI).

Real time RT PCR

Total RNA of monocytes was isolated using an
RNeasy Mini Kit (Qiagen). Reverse transcription was
carried out using 1 �g of total RNA in the presence
of 200 U of SuperScript® II Reverse Transcriptase
U and random hexamers (Invitrogen). Real time RT-
PCR assays were performed using 5 ng total RNA
converted to cDNA and primers for TrKA (NTRK1,
5′-CAGCCGGCACCGTCTCT-3′ 5′-TCCAGGAAC
TCAGTGAAGATGAAG-3′) and p75NTR (NGFR,
5′-GAGGCACCTCCAGAACAAGA-3′ 5′-GCTGT
TCCACCTCTTGAAGG-3′) genes (Sigma and
Brilliant® II SYBR® Green QPCR Master Mix,
Agilent Technologies). A StepOne System (Applied
Biosystems) was used to collect the signals. Relative
quantification of gene expression was determined
using GAPDH (5′-TCGTGGAAGGACTCATGA
CC-3′ and 5′-TCAGCTCAGGGATGACCTTG-3′)
as endogenous control [43].

Cell treatment with Aβ peptide and β-NGF

Freshly purified peripheral blood monocytes iso-
lated from healthy donors healthy donors, MCI,
mAD, and sAD patients were incubated for 24 h
with 10 �g/mL of A�42 peptide (AnaSpec Inc, AS-
24224) in RPMI 1640 culture medium supplemented
with 10% FCS, 2 mM L-glutamine, and 100 U/mL
Pen/Strep (Invitrogen) at 1 × 106 cells/mL. In sepa-
rate experiments, monocytes from the healthy donors
were treated for 24 h with 100 ng/mL of �-NGF
(Alomone, Israel) either alone or together with
10 �g/mL of A�42. In both experimental conditions,
cell culture mediums were collected after 24 h and
analyzed by ELISA to detect �-NGF levels. At the
same time, monocytes were analyzed by FACS for
CD14 and CD16, TrKA/p75NTR expression, and
intracellular cytokine levels. Moreover, sub-G1 cell
cycle distribution and activation of caspase-3 were
evaluated under these experimental conditions.

FACS analysis of sub-G1 phase distribution

FACS analysis was used to determine the sub-G1
fraction (dead cells) by propidium iodide (PI). Mono-
cytes isolated from CTRL, MCI, mAD, and sAD
subjects were cultured in the absence/presence of
A�42, as previously described. Cells were harvested
after 24 h, washed with PBS, and fixed in 5 mL of
70% cold ethanol for at least 2 h at 4◦C. After wash-
ing with PBS, the cells were treated with RNase A
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(250 �g/mL) and PI (50 �g/mL) in PBS plus 0.2%
FBS at 37◦C for 30–45 min and analyzed by flow
cytometry.

Cleaved caspase 3 ELISA kit

Cleaved caspase-3 was quantified using a PathScan
Cleaved Caspase-3 (Asp175) sandwich ELISA kit
(Cell Signaling, #7190,) according to the manufac-
turer’s recommendations.

Statistical analysis

Results are expressed as means ± standard devi-
ation (SD). Comparison of the two experimental
groups was done using Student’s t-test. Multiple
group comparisons were performed using one-way
analysis of variance (ANOVA) followed by Bon-
ferroni multiple comparison tests. The correlation
between variables was analyzed using Pearson’s
correlation coefficient (r) and the coefficient of deter-
mination (r2). Statistical significance was set at
p < 0.05. Statistical analysis was performed using
GraphPad Prism 5 software.

RESULTS

Patients

Table 1 presents the clinical and demographic char-
acteristics of the 59 subjects: patients with MCI (n
= 10), mAD (n = 19), sAD (n = 17), and age-
matched controls (CTRL, n = 13). The four groups
were homogeneous for age, except for the sAD
patients who were significantly older than the CTRL
(**p < 0.001) (CTRL = 76 ± 4, MCI = 73.8 ± 2.9,

mAD = 77.6 ± 6.5, and sAD = 85.62 ± 6.2 years
old), gender (M/F; CTRL = 5/8, MCI = 6/4, mAD =
7/12, sAD = 10/7), and education (CTRL = 6.3 ±
2, MCI = 8.6 ± 2.6. mAD = 7.36 ± 4.5 and sAD =
5.8 ± 3 years). The cognitive impairment in MCI and
AD subjects was determined by CDR and MMSE
scores: CDR = 0 and MMSE = 24.8 ± 1.15 in
MCI; CDR = 1-2 and MMSE = 19.1 ± 3 in mAD;
CDR = 3 and MMSE = 16.29 ± 5.18 in sAD
(∗∗p < 0.001 versus CTRL). All MCI subjects were
amnestic, but 3 patients were single-domain amnestic
and 7 patients multiple-domain amnestic MCI. The
control group consisted of subjects who were diag-
nosed with no cognitive impairment based on MMSE
scores (MMSE = 28.5 ± 2) and a clinical evalua-
tion. Ten percent of the patients with MCI, 47.3%
of those with mAD, and 11.7% of those with sAD
were under cholinesterase inhibitor (ChEI) treatment.
There were no differences in any other parameter
evaluated between the patients receiving and those
not receiving ChEI treatment (data not shown).

Plasma β-NGF concentration increased in MCI
and mAD patients

ELISA showed that the mean plasma �-NGF
concentration was significantly higher in the MCI
and mAD patients, but not in the sAD patients
(57.2 ± 11.6 pg/mL), than in the CTRL (133.1 ±
19.3 pg/mL and 105.6 ± 11.9 pg/mL, respectively,
versus 51.8 ± 10.6 pg/mL; ∗∗p < 0.001, ∗p < 0.05)
(Fig. 1A). Linear regression analysis showed
a positive correlation between plasma �-NGF
concentration and MMSE scores for all three
patient groups (r = 0.4567, r2 = 0.2086; ∗∗p = 0.0014)
(Fig. 1B).

Table 1
Demographic and clinical characteristics of AD, MCI, and CTRL subjects

CTRL MCI Mild AD Severe AD
(n = 13) (n = 10) (n = 19) (n = 17)

Age (years ± SD) 76 ± 4 73.8 ± 2.9 77.6 ± 6.5 85.62 ± 6.2∗∗
Gender F/M 5/8 6/4 7/12 10/7
Education (y ± SD) 6.3 ± 2 8.6 ± 2.6 7.36 ± 4.5 5.8 ± 3
Diagnosis (y ± SD) – 2 ± 1.7 2.9 ± 1.8 2.9 ± 1.8
MCI types – 3 a-sd MCI – –

7 a-md MCI
MMSE (mean ± SD) 28.5 ± 2 24.8 ± 1.15 19.1 ± 3∗∗ 16.29 ± 5.18∗∗
CDR – 0 1-2 3
ChEI – 1 (10%) 9 (47.3%) 2 (11.7%)

CTRL, healthy subjects; MCI, mild cognitive impairment; AD, Alzheimer’s disease; a-sd MCI, single-domain
amnestic MCI; a-md MCI, multiple-domain amnestic MCI; MMSE, Mini-Mental State Examination; CDR,
Clinical Dementia Rating scale; ChEI, cholinesterase inhibitor. ∗∗p < 0.001 versus CTRL.
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Fig. 1. Plasma �-NGF concentration increased in patients with
MCI and mild AD. A) Plasma �-NGF levels in healthy sub-
jects (CTRL) and in MCI, mAD (mild AD), and sAD (severe
AD) patients. Horizontal bars indicate mean values. ∗∗p < 0.001,
∗p < 0.05. Comparisons between the groups were made using one-
way ANOVA followed by Bonferroni multiple comparison tests.
B) Correlation between plasma �-NGF concentration and MMSE
scores in MCI, mAD, and sAD patients. r, Pearson index; r2,
coefficient of determination.

β-NGF receptor expression increased in
monocytes isolated from MCI and AD patients

Using monocytes isolated from all subjects, we
have monitored the surface expression of TrkA and
p75NTR defined as percentage and mean fluorescent
level (MFI).

The total percentage of TrKA positive
monocytes did not change among any groups
(CTRL = 87.4 ± 4.4%; MCI = 94.3 ± 1.7%; mAD =
91.2 ± 3.3%; sAD = 90.14 ± 5.2%) while, its MFI
expression was significantly increased on mono-
cytes isolated from MCI (180.7 ± 54.9) and mAD
patients (131.7 ± 22.4) compared to CTRL subjects
(56.08 ± 12.8, ∗p < 0.05). No differences were found
between sAD (84.3 ± 19.2) and CTRL monocytes
(Fig. 2A).

The total percentage of p75NTR-positive mono-
cytes and its MFI expression were significantly
higher in the sAD patients (91.6 ± 1.3%; MFI

41.32 ± 3.3) as compared with the CTRL (67.8 ±
4.3%; MFI = 23.6 ± 2.8, *p < 0.05), whereas no dif-
ferences in either parameter were found between
the MCI (76.0 ± 6.3%; MFI = 21.3 ± 3.7) and mAD
patients (77 ± 3.5%; MFI = 22.5 ± 2.4) and the
CTRL (Fig. 2B). Analysis of TrKA and p75NTR
gene expression showed a significant increase
in both genes for MCI patients (NTRK1 = 2.4 ± 0.18;
NGFR = 1.9 ± 0.14) and mild AD (NTRK1 = 1.8 ±
0.05; NGFR = 2.5 ± 0.3) compared to CTRL ( = 1,
*p < 0.05) (Fig. 2C, D).

Percentage of intermediate monocyte subset
increased in MCI and mAD patients

There were no significant differences in the total
monocyte percentage among the CTRL, the MCI,
and the two AD groups (data not shown). Figure 3
shows the monocyte subsets based on the pattern of
CD14 and CD16 expression. The percentage of clas-
sical monocytes, CD14++/CD16−, was significantly
lower in MCI compared to CTRL (2.1 ± 0.3%, and
5.9 ± 0.57%, respectively, *p < 0.05) while no statis-
tically significant variation was found between both
AD groups (mAD = 3.9 ± 0.8%; sAD = 4.6 ± 0.8%)
and control cells as shown in Fig. 3A. Con-
versely, the percentage of intermediate monocytes,
CD14++/CD16+, was significantly increased in MCI
(4.8 ± 0.79%) and mAD (3.3 ± 0.4%) with respect
to CTRL cells (1.8 ± 0.5, *p < 0.05) while no dif-
ferences were found between sAD (2.56 ± 0.37%)
and control monocytes (Fig. 3B). No differences
in the percentage of non-classical monocytes,
CD14+/CD16++, were found among the four groups
as shown in Fig. 3C (CTRL 0.47 ± 0.12; MCI
0.58 ± 0.16; mAD 0.54 ± 0.1; sAD 0.48 ± 0.11).

Analysis of surface expression of TrkA and
p75NTR in relation to CD14 and CD16 expression
on monocytes showed that TrKA expression in MCI
was elevated in classical (30 ± 4.8) and interme-
diate/non classical (44 ± 3.6) subsets with respect
to CTRL (11.3 ± 0.7 and 19.1 ± 1.9, respectively
*p < 0.05). Only intermediate/no classical subset of
mAD showed a TrKA expression (29.8 ± 3.1) higher
than CTRL (*p < 0.05). Interestingly, in CTRL,
MCI, and mAD, the expression of TrKA was
significantly higher in intermediate/non classical sub-
groups with respect to the classical one (*p < 0.05,
Fig. 3D).

p75NTR expression was significantly higher in
both monocyte subsets of sAD (classical = 36.44 ±
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Fig. 2. Percentage of �-NGF receptors increased in monocytes from patients with MCI and mild AD. FACScan analysis was performed
to measure the levels of TrKA (A) and p75NTR (B) expression on monocytes isolated from the peripheral blood of MCI, mAD, and sAD
patients, and CTRL subjects. The results were expressed as percentage (grey bar) and mean fluorescence level (MFI, black bar). NTRK1
(C) and NGFR (D) gene expression was evaluated by qRT using a specific primer set (Material and Methods section). GAPDH was used
as endogenous control. Data are presented as mean ± SD; ∗p < 0.05; Comparisons between groups was performed by one-way ANOVA
followed by Bonferroni multiple comparison tests.

Fig. 3. Percentage of intermediate monocytes increased in patients with MCI and mild AD. FACScan analysis was performed to deter-
mine monocytes subsets based on patterns of CD14 and CD16 expression in blood isolated from patients with MCI, mAD, or sAD, and
CTRL subjects. The presence of classical monocytes (CD14++/CD16–) (A), intermediate monocytes (CD14++/CD16+) (B), and non-
classical monocytes (CD14+/CD16++) (C) was expressed as percentage of total mononuclear cells. Statistical analysis was performed
using one-way ANOVA followed by Bonferroni multiple comparison tests. The surface expression of TrKA (D) and p75NTR (E) was
evaluated in association with CD14 (classical) and CD16 (intermediate/non-classical) expression on monocytes from all four groups.
Results are presented as mean ± SD. ∗p < 0.05. Student’s t-test was performed to compare TrKA or p75NTR expression in classical and
intermediate/non-classical monocytes; one-way ANOVA followed by Bonferroni multiple comparison tests were used for analysis between
all groups.
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3.2; intermediate/non classical = 77.13 ± 10.9) with
respect to CTRL (classical = 25 ± 2.3; intermedi-
ate/non classical = 46.4 ± 9.6; *p < 0.05) and also in
this case the expression of p75NTR was highest in
intermediate/non classical subgroups (Fig. 3E).

MCI and mAD showed a pro-inflammatory
IL-6/IL-10 ratio

Intracellular levels of IL-6 and IL-10 cytokines
were evaluated in unstimulated and A�-stimulated
monocytes. IL-6-producing monocytes were
increased in all groups after A�-stimulation with
respect to unstimulated cells (∗p < 0.05) (Fig. 4A),
confirming the pro-inflammatory stimulus of A�.
IL-10-producing monocytes were significantly
increased only in CTRL upon A� stimulation
(12.4 ± 1.1 versus unstimulated, ∗p < 0.05) and this
value was higher than that observed in the stimulated
cells from either the MCI (3.3 ± 0.7, *p < 0.05) or
the mAD patients (4.9 ± 1.3, *p < 0.05) (Fig. 4B).
The pro-inflammatory value, calculated as the ratio
of IL-6- to IL-10-producing monocytes upon A�-
stimulation, was higher in MCI (3.1 ± 0.3) and mAD
(2.5 ± 0.55) with respect to CTRL (0.57 ± 0.17,
∗∗p < 0.001 and ∗p < 0.05) while no differences
were found in sAD (1.45 ± 0.8) confirming the
pro-inflammatory status of MCI and mAD subjects
(Fig. 4C).

β-NGF and its receptors are linked to Aβ

inflammatory-induced phenotype

As shown in Fig. 5A, in vitro addition of A�
induced a significant increase in the release of
�-NGF as compared with untreated monocytes
(8.7 ± 0.6 pg/105 cells versus 1.6 ± 1.3 pg/105 cells,
∗∗p < 0.001). As revealed by FACScan analysis, A�
and �-NGF, either alone or together, consistently
induced an increase in TrKA and p75NTR expres-
sion in with respect to the untreated cells (∗p < 0.05
versus UT), but the highest values for both recep-
tors were obtained after �-NGF plus A� treatment, as
shown in Fig. 5B (TrKA 345 ± 76 versus 133 ± 13.9;
p75NTR 170.8 ± 10 versus 63.2 ± 4.2, ∗p < 0.05 ver-
sus A� treatment). Evaluation of CD14 and CD16
expression on monocytes after treatment showed that
�-NGF and A�, either alone or together, induced
a reduction in classical monocytes, along with an
increase in intermediate/non-classical monocytes as
shown in Fig. 5C. Interestingly, IL-6 expression
was increased in all treatments in a similar fashion
with respect to untreated cells, while the intracellu-
lar level of IL-10 was significantly increased only
in the cells treated with A� (A� = 327 ± 48, �-
NGF = 171 ± 24, �-NGF+A� = 158 ± 11, ∗p < 0.05
versus UT, �-NGF, and �-NGF+A�) (Fig. 5D).
The ratio of IL-6- to IL-10-producing monocytes
was higher in the monocytes treated with �-NGF
(2.3 ± 0.2) and �-NGF plus A� (2.5 ± 0.3) than in

Fig. 4. Pro-inflammatory IL6 to IL10 ratio in patients with MCI and mild AD. Intracellular levels of IL6 (A) and IL10 (B) were evaluated
by FACScan analysis in unstimulated (black bar) and A�-stimulated monocytes (white bar) isolated from MCI, mAD, and sAD patients
and CTRL subjects. The pro-inflammatory value was calculated as the ratio of IL-6- to IL-10-producing monocytes upon A� stimulation
(C). Data are presented as mean ± SD; ∗p < 0.05. Student’s t-test was used to compare the results of FACScan analysis between unstimu-
lated and A�-stimulated monocytes; one-way ANOVA followed by Bonferroni multiple comparison tests were used for analysis between
all groups.
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the UT or those treated with A� alone (1.2 ± 0.7,
*p < 0.05) (Fig. 5E).

Percentage of monocytes in sub-G1 phase
increased in sAD patients

Table 2 presents the sub-G1 phase distribution
of monocytes with or without A� stimulation.
The percentage of cells in sub-G1 phase was
higher in the stimulated monocytes from the CTRL,
MCI and mAD patients than in the unstimulated
cells (CTRL 2.5 ± 0.5% versus 0.75 ± 0.25; MCI
1.9 ± 0.1% versus 0.6 ± 0.2%; mAD 3.9 ± 0.9% ver-
sus 0.75 ± 0.25%, respectively *p < 0.05). Instead,
the percentage of cells in sub-G1was higher in
the unstimulated monocytes from the sAD patients
than in those from the CTRL (2.6 ± 0.7% versus

0.75 ± 0.25, §p < 0.05) and there was no significant
increase after A� stimulation (5.5 ± 2.5%).

To verify activation of apoptosis, we determined
the presence of cleaved caspase 3 by ELISA. We
observed an increase in the percentage of monocytes
in sub-G1 phase after A� stimulation in monocytes
from CTRL, MCI, and mAD patients, along with
an increase in intracellular cleaved caspase-3 lev-
els with respect to unstimulated cells (0.3 ± 0.06
versus 0.12 ± 0.05; 0.4 ± 0.1 versus 0.14 ± 0.06;
0.3 ± 0.12 versus 0.18 ± 0.05 *p < 0.05). Similar to
the increase in sub-G1 percentage, cleaved caspase-3
was increased in the unstimulated monocytes from
the sAD patients with respect to the unstimulated
cells from the CTRL (0.4 ± 0.17 versus 0.12 ± 0.05,
§p < 0.05) and no significant difference was observed
upon A� stimulation (0.85 ± 0.1%).

Fig. 5. �-NGF, TrKA, and p75NTR are linked to A� inflammatory-induced phenotype. Fresh monocytes isolated from CTRL subjects
were incubated with A�, �-NGF alone or together (�-NGF+A�) as described in Material and Methods section. Results were compared
with untreated cells (UT). After 24 h of treatment, we evaluated (A) concentration of �-NGF culture medium of A�−stimulated monocytes
(Student’s t-test); (B) TrKA and p75NTR monocytes expression reported as MFI by FACScan analysis; (C) Classical and intermediate/non-
classical monocyte subsets based on CD14 and CD16 expression patterns; (D) Intracellular levels of IL-6 and IL-10; and (E) the pro-
inflammatory value calculated as the ratio of IL-6- to IL-10-producing monocytes. Reported data are from five independent experiments
and are expressed as mean ± SD. ∗p < 0.05. Comparisons among all groups were performed by one-way ANOVA followed by Bonferroni
multiple comparison tests.

Table 2
Cell cycle sub-G1 phase distribution of monocytes from healthy controls (CTRL) and from patients with MCI, mild AD (mAD), or severe

AD (sAD) after stimulation with A�42 peptide and presence of active caspase-3 (active-Casp3)

CTRL MCI mAD sAD

–A�42 +A�42 –A�42 +A�42 –A�42 +A�42 –A�42 +A�42

sub-G1 (%) 0.75 ± 0.25 ∗2.5 ± 0.5 0.6 ± 0.2 ∗1.9 ± 0.1 0.75 ± 0.25 ∗3.9 ± 3.1 § 2.6 ± 0.7 5.5 ± 2.5
active-Casp-3 (620 nm) 0.12 ± 0.05 ∗0.3 ± 0.06 0.14 ± 0.06 ∗0.4 ± 0.1 0.18 ± 0.05 ∗0.3 ± 0.12 § 0.4 ± 0.17 0.85 ± 0.1

∗p < 0.05 versus –A�42. § p < 0.05 versus CTRL –A�42.
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DISCUSSION

The role of neurotrophins and their receptors in
the CNS has been extensively studied in AD and
other dementias, but little is known about their
involvement in circulating blood cells during the pro-
gression of these degenerative diseases. For the first
time, our study reports: i) an increase in plasma �-
NGF concentration only during the early phases of
dementia; ii) a variable modulation of TrKA and
p75NTR expression on monocytes with the progres-
sion of dementia; iii) a positive association between
TrKA expression and inflammatory status; iv) a pos-
itive association between p75NTR expression and
caspase-3-mediated apoptosis.

A member of the cytokine superfamily, �-NGF
is a key mediator of inflammation and a potent
immune modulator. Monocytes and macrophages
both synthesize �-NGF and express TrKA and
p75NTR receptors [18, 19, 44]. In these cells, the
binding of �-NGF to its receptors induces cell
proliferation, survival/apoptosis, and regulates pro-
inflammatory activities [45]. Furthermore, TrKA
expression decreases during monocyte differentia-
tion into macrophages [46]. On the contrary, little
is known about the biological effects of the bind-
ing between �-NGF and p75NTR in monocytes and
macrophages. We observed an increase in plasma
�-NGF and higher MMSE scores in MCI and
mAD subjects (early stage of dementia) compared
to sAD subjects (late-stage dementia). With pro-
gression of the disease, MMSE scores decreased
and plasma �-NGF similarly decreased in sAD
patients and returned to control levels, suggesting
that circulating �-NGF is involved during the ini-
tial stages of the disease. This observation is in
agreement with Laske et al. [47] who demonstrated
a similar peripheral trend for the serum concentra-
tion of brain-derived neurotrophic factor (BDNF).
Because our data on plasma �-NGF concentration
may include both the mature and the proNGF forms,
future studies are needed to determine differences
in the concentration of the two forms in MCI/mAD
versus sAD.

Beside these changes in plasma �-NGF levels,
the expression of TrkA and p75NTR on monocytes
also changed with progression of dementia. We noted
an increase in the MFI of TrKA-positive monocytes
from MCI and mAD patients and an increase in
both the percentage and the MFI of p75NTR-positive
monocytes from sAD patients. These observations
suggest that �-NGF and TrKA are involved only

in the earliest phases of dementia followed by an
increase in p75NTR in later phases.

Consistent with previous findings of a pro-
inflammatory role for mono-macrophage lineage
cells in AD [48–50], we also found a shift in the
phenotype of circulating monocytes. In particular, we
noted an increase in the inflammatory intermediate
monocyte subset from the MCI and mAD patients,
associated with a reduction in the non-inflammatory
classical subset only in the MCI patients, whereas the
sAD patients exhibited phenotypic patterns similar to
the controls.

Though TrKA and p75NTR receptors were
always expressed in both inflammatory and non-
inflammatory subsets, their MFI values were higher
in the inflammatory subsets. In particular, the MFI
of TrKA was increased mainly in the MCI and
mAD patients, whereas the MFI of p75NTR was
increased mainly in the sAD patients. Interestingly,
the increase in MFI of TrKA in the MCI and
mAD patients was concomitant with the increase in
plasma �-NGF concentration. This finding is line
with similar phenomena we have found in other
non-nervous-system-inflammatory diseases such as
chronic obstructive pulmonary disease [17].

High levels of �-NGF and TrKA in the early
stage of dementia promote inflammation, as demon-
strated by a recent study that described their role in
regulating the human innate immune response. In
monocytic cell lines, the interaction between NGF
and TrkA activates the inflammasome complex and
induces the release of inflammatory cytokine IL-1�
[51]. These results indicate that �-NGF receptors play
a role in peripheral inflammatory status and their dif-
ferential modulation with progression of dementia,
with involvement of TrKA in the early stages and of
p75NTR in the later phases.

Having noted these changes in monocytes dur-
ing the progression of dementia, we then evaluated
in vitro their cytokine production after A� stim-
ulation [52, 53]. According to Sarasella et al.
[48], we found that, with respect to unstimu-
lated monocytes, IL-6 production was increased
in the A�-stimulated monocytes from all sub-
jects, whereas IL-10 production was increased only
in the A�-stimulated monocytes from the healthy
donors. In brief, stimulation with A� created a pro-
inflammatory balance, defined as an IL-6-positive to
IL-10-positive-monocyte ratio, in the patients with
MCI and mAD.

To understand the reciprocal interactions between
A� peptide, �-NGF, its receptors and monocyte
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phenotypes, we treated the monocytes from control
donors with �-NGF or A� alone or together. Our data
indicate that stimulation with A� alone induces an
increase in �-NGF production, while the ratio of IL-
6 to IL-10 monocytes remains unchanged, whereas
stimulation with �-NGF alone or A� plus �-NGF
leads to a proinflammatory balance in the cytokine
ratio. Furthermore, stimulation with A� plus �-NGF
also resulted in the highest MFI value for TrKA and
p75NTR on monocytes, indicating that a synergic
effect exists between �-NGF and A� stimulation.

Since p75NTR expression is related to “cell death”
[21], we analyzed cell cycle sub-G1 fraction and
cleaved caspase-3 activation in order to under-
stand the biological effects following the increase in
p75NTR receptor expression on sAD monocytes. We
found an increase in the percentage of sub-G1 fraction
and cleaved caspase-3 after A� stimulation of mono-
cytes from the sAD patients. These observations are
shared by Bergman et al. [54] who reported a higher
percentage of apoptotic PBMCs in AD patients with
respect to healthy subjects.

Our results provide evidence for the hypothesis
that, during MCI and the initial phases of AD, periph-
eral monocytes acquire an inflammatory phenotype
in which �-NGF production and TrKA expression
are increased. With progression of the disease, cir-
culating A� and �-NGF accumulate and induce
monocytes to increase p75NTR expression. Since in
CNS the p75NTR binding of A� and its internaliza-
tion is recognized as an attempt to degrade the peptide
in lysosomes [25], it is reasonable to hypothesize
that the increase in p75NTR expression on mono-
cytes could have a similar function also for circulating
A� peptides. However, since the ability of monocytes
from AD patients to degrade A� peptides is constitu-
tively impaired [11], the “scavenger” role of p75NTR
in AD may be superseded by its classical role as death
receptor with the consequent activation of cleaved
caspase-3 [55] which, in turn, may be responsible for
the increase in monocytic apoptosis described in AD
[56].

Altogether, our results contribute to our under-
standing of the peripheral involvement of �-NGF and
TrkA/p75NTR receptors in monocytes during in the
progression of AD.
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