Neurochemical Research (2019) 44:1375-1386
https://doi.org/10.1007/511064-018-2657-x

ORIGINAL PAPER

@ CrossMark

Platelets Bioenergetics Screening Reflects the Impact of Brain Ap
Plaque Accumulation in a Rat Model of Alzheimer

Federico A. Prestia’ - Pablo Galeano'® - Pamela V. Martino Adami' - Sonia Do Carmo? - Eduardo M. Castafio’ -
A. Claudio Cuello? - Laura Morelli’

Received: 30 May 2018 / Revised: 26 September 2018 / Accepted: 6 October 2018 / Published online: 24 October 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Alzheimer’s disease (AD) is associated to depressed brain energy supply and impaired cortical and hippocampal synaptic
function. It was previously reported in McGill-R-Thy 1-APP transgenic (Tg(+/+)) rats that Ap deposition per se is sufficient
to cause abnormalities in glucose metabolism and neuronal connectivity. These data support the utility of this animal model
as a platform for the search of novel AD biomarkers based on bioenergetic status. Recently, it has been proposed that energy
dysfunction can be dynamically tested in platelets (PLTs) of nonhuman primates. PLTs are good candidates to find periph-
eral biomarkers for AD because they may reflect in periphery the bioenergetics deficits and the inflammatory and oxidative
stress processes taking place in AD brain. In the present study, we carried out a PLTs bioenergetics screening in advanced-
age (12—-14 months old) control (WT) and Tg(+/+) rats. Results indicated that thrombin-activated PLTs of Tg(+/+) rats
showed a significantly lower respiratory rate, as compared to that measured in WT animals, when challenged with the same
dose of FCCP (an uncoupler of oxidative phosphorylation). In summary, our results provide original evidence that PLTs
bioenergetic profiling may reflect brain bioenergetics dysfunction mediated by A plaque accumulation. Further studies on
human PLTs from control and AD patients are required to validate the usefulness of PLTs bioenergetics as a novel blood-
based biomarker for AD.

Keywords Alzheimer’s disease - Brain dysfunction - Platelet bioenergetic - Transgenic rat - Amyloid § - Blood-based
bioenergetic profiling

Introduction

The global social and economic impact of Alzheimer’s
disease (AD) is staggering. It is estimated that in 2050,
115 million people will suffer from this type of dementia.
While mortality rates from other major diseases, including
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different types of diseases. In AD, the identification of ante-
mortem molecular characteristics is problematic. The avail-
able validated core biomarkers (Ap42/Ap40 ratio and p-Tau
levels) are assessed in cerebrospinal fluid (CSF), a material
not suitable for routine diagnosis. On the other hand, the best
method to evaluate in vivo brain glucose metabolism impair-
ments and AP deposition is the Positron Emission Tomog-
raphy (PET) [4] with fluordeoxyglucose (FDG) or with any
of the AP tracers currently available, respectively. However,
PET is a very expensive procedure, making its widespread
use unfeasible. As a result, there is a growing demand for
peripheral biomarkers from more accessible samples. In this
sense, it is thought that the development and validation of
blood-based biomarkers would greatly facilitate the diagno-
sis of AD. Plasma is a sample that can be non-invasively and
economically obtained, but until now biomarkers detected
in plasma have not been validated for routine use in AD
diagnosis [5]. In this context, platelets (PLTs) constitute an
attractive alternative for the search of peripheral biomark-
ers for AD because they share biochemical properties with
neurons [6, 7] and previous studies have shown that they
recapitulate brain abnormalities present in psychiatric and
neuronal disorders [8].

PLTs, one of the main elements of blood together with
erythrocytes and leukocytes, are generated from nucleated
precursor cells (megakaryocytes) in the bone marrow and
delivered in the bloodstream without nuclei [9]. PLTs are
metabolically active cells, containing numerous functional
organelles, such as endoplasmic reticulum, Golgi apparatus,
and mitochondria. They have a wide array of surface recep-
tors and adhesion molecules, and contain numerous gran-
ules. Circulating unactivated (resting) PLTs are biconvex
discoid structures (2—-3 um in its greatest diameter) with a
half-life of 8—12 days. The term “PLTs dynamics” involves
the complex process of converting resting PLTs into a PLTs
plug, which most important function is to ensure hemostasis
(prevention of blood loss when small blood vessels break
accidentally). At the physiological level, PLTs activation
is stimulated by bound PLTs secretion products and local
prothrombotic factors, such as tissue factor. Multiple path-
ways can lead to PLTs activation in vivo [10] and most solu-
ble agonists released by cells, such as ADP, thromboxane
A2 (TxA2) and thrombin, trigger PLTs activation in vivo
and in vitro. Thrombin is one of the strongest PLTs agonist
and exerts its action through G protein-coupled protease-
activated receptors (PARs), which are highly expressed on
PTLs surface [11]. Moreover, recent studies suggest that
in addition to their common function in the regulation of
thrombosis and hemostasis, PLTs also contribute to tissue
inflammation affecting adaptive immunity [12].

More than 30 years ago, it was reported that human PLTs
express amyloid precursor protein (APP) and all the enzy-
matic machinery required to process APP through the same
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pathways described in brain to generate Ap [13]. Since then,
a large body of evidence has been accumulated suggesting
that PLTs may be a good peripheral model to study APP
metabolism and the pathophysiology of AD [14]. Two major
theories have been proposed about the origin of Af in blood.
One suggests that Af is derived from the central nervous
system through the blood-CSF barrier and then absorbed
onto the surface of PLTs [15], and the other theory proposes
that there is an additional release of AP from blood cells,
including PLTs, and from other non-neuronal cells [16].
Howeyver, the role of PLTs in AD still remains debated and
controversial.

Interestingly, it was recently shown that the functional-
ity of PLTs mitochondria positively correlates with brain
glucose metabolism in African Green monkeys [17], sup-
porting the notion that energetic brain functionality can be
tested dynamically in PLTs [18]. Bioenergetics has become a
crucial concept in neurodegenerative and cardiovascular dis-
eases, diabetes, asthma, pulmonary hypertension and cancer.
It is involved in pathological mechanisms, in development
of new therapeutic strategies and as a potential biomarker
for the progression of these disorders. A key concept is that
mitochondria from PLTs can act as a “sentinel”, serving as
an early warning of the bioenergetic crisis in the brain of
subjects susceptible to AD. Taking advantage of its precoc-
ity and sensitivity, bioenergetic monitoring has been pro-
posed as a necessary factor to determine the severity and
progression of complex and multifactorial disorders, includ-
ing AD.

Although animal models have provided essential insights
into the molecular mechanisms of AD [19], no reports have
addressed PLTs biology in the most common AD transgenic
rodent models. One possible explanation for this situation is
that the promoters used in the construction of the transgen
circumscribe the expression of the human mini gen to the
brain, thus excluding megakariocytes from bone marrow and
downplaying the role of rodent PLTs in these animal models.

In the present study, we address whether PLTs respiration
may be used as a measurable proxy of bioenergetic altera-
tions described in the homozygous variant of the McGill-
R-Thy1-APP transgenic (Tg(+/4)) rat. We employed this
animal model because it captures the full array of AD-like
amyloid pathology, including intraneuronal AP accumula-
tion, senile plaques, gliosis and memory impairments from
the early adulthood onwards [20]. Moreover, by using PET
and hippocampal volumetry, a longitudinal, multimodal
imaging study was performed in this animal model for quan-
tifying age-dependent brain AP deposition, progressive syn-
aptic dysfunction and cognitive impairment. Results empha-
size the impact of AP on brain functionality and support
the notion that AP aggregation itself is sufficient to impose
metabolic brain dysfunction [21]. Here we show that AP
accumulation in Tg(+/+) brains is reflected by decrements
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on the respiratory rate of thrombin-activated PLTs as com-
pared to control animals. This preliminary report provides
experimental evidence supporting PLTs bioenergetics profil-
ing as a potential biomarker of brain metabolism alterations
that have been linked to the development of AD.

Materials and Methods
Reagents

Diamidino-2-phenylindole (DAPI) and isofluorane were pur-
chased from Life Technologies and Piramal, respectively.
Sodium citrate, pyruvate, b-glucose, L-glutamine and throm-
bin isolated from human plasma were from Sigma-Aldrich.
Oligomycin A, carbonyl cyanide p-(trifluoro-methoxy)
phenyl-hydrazone (FCCP), and rotenone/antimycin A were
provided by Seahorse Bioscience.

Animals and Ethical Statement

McGill-R-Thy1-APP homozygous transgenic (Tg(+/+))
rats harboring the human APP751 transgene with the Swed-
ish and Indiana mutations under the control of the murine
Thy1.2 promoter [20] were provided to Fundacién Instituto
Leloir (FIL) by The Royal Institution for the Advancement
of Learning/McGill University Montreal, Quebec (Canada)
after signing a Material Transfer Agreement to proceed with
the experimental research. Tg(4+/4) and age-matched wild-
type (WT) littermates were maintained in polycarbonate
cages in a temperature-controlled animal facility with a 12-h
dark/light cycle and allowed to consume deionized water
and a basal diet that provided all known required nutrients
in sufficient quantities to provide maximal growth. Experi-
ments were performed with male rats of two different range
of age: 3—6 months old and 12—-14 months old. The study
was carried out in strict accordance with the ARRIVE (Ani-
mal Research: Reporting of In Vivo Experiments) and the
OLAW-NIH (Office Laboratory Animal Welfare) guide-
lines. The protocol was approved by the local Animal Care
Committee of Fundacion Instituto Leloir (FIL) Assurance
# A5168-01.

Platelets (PLTs) Isolation and Characterization

Tg(+/+) and WT rats (n=4-6/group) were anesthetized by
isofluorane inhalation and after being placed in a guillotine
blade and beheaded, blood (10 mL) was collected in sterile
tubes containing ACD buffer (39 mM citric acid, 75 mM
sodium citrate, 135 mM dextrose, pH 7.4). PLTs were iso-
lated by differential centrifugation as previously described
[22]. Briefly, whole blood was centrifuged (250xg for
15 min) to obtain platelet-rich plasma (PRP). PLTs were

isolated by sequential centrifugation of PRP (900xg/15 min)
at room temperature to avoid PLTs activation. Then, PLTs
were resuspended in modified Tyrode buffer (20 mM
HEPES, 128 mM NaCl, 12 mM bicarbonate, 0.4 mM
NaH2PO4, 5 mM glucose, 1 mM MgCl2, 2.8 mM KCl, pH
7.4) containing 0.5% bovine serum albumin. PLTs concen-
tration and indices including analyser-calculated measure of
thrombocyte volume (MPV); mean platelet mass (MPM),
indicator of volume variability in platelets size (PDW), vol-
ume occupied by platelets in the blood (PCT), measure of
mean refractive index of the platelets (MPC) were obtained
using an auto hematology analyzer Advia 2120 (Siemens).
Coagulogram was performed with a Destiny 100 (Tcoag)
instrument. Standardization of rat blood clotting tests with
reagents used for humans was performed according to a pre-
vious report [23].

Platelets (PLTs) Aggregation

The test was performed by a turbidimetric method as previ-
ously described [24] in a Lumiaggregometer (Chrono-Log,
Havertown, PA, USA). Briefly, platelet-rich plasma (PRP)
was obtained as described above and then the remaining
blood sample was centrifuged for 15 min at 1000xg to
recover platelet-poor plasma (PPP), which was used as con-
trol. All tests were performed within 2 h after PRP and PPP
preparation. Platelet count in the PRP samples was adjusted
with RPMI buffer to be between 250 x 10° and 300 x 10
PLTs/uL. The reaction was performed at constant tempera-
ture (37 °C). Three hundred and fifty uL. of adjusted PRP
were used for the analysis and the addition of the agonist
(thrombin) was performed while stirring. PRP was stimu-
lated with a final concentration of 1 Unit of human thrombin
and PLTs aggregation was recorded for 140 s with PPP as
blank control.

Biochemical Characterization of Platelets (PLTs)

To estimate mitochondria mass in PLTs preparations,
PLTs pellets were homogenized in 0.5 mL of RIPA buffer
(150 mM NaCl, 0.5% sodium deoxycholate, 1% Tri-
tonX-100, 2% SDS) containing proteases inhibitors (5 mM
EDTA, 5 mM EGTA, 5 pg/mL leupeptin, 10 ug/mL apro-
tinin, 1 pg/mL pepstatin) and phosphatases inhibitors
(50 mM sodium fluoride and 5 mM sodium orthovanadate)
and centrifuged at 20,000xg at 4 °C for 45 min using an
Eppendorf microcentrifuge. Supernatants were aliquoted
and stored at — 80 °C until used. Protein concentration was
determined using Pierce BCA Protein Assay Kit (Thermo
Scientific) and samples (20-35 pg/lane) were run in SDS-
Tricine 12.5% gels and transferred to PVDF membranes.
Membranes were stained with Ponceau S to get an over-
view of total protein in each lane, blocked with 5% skim
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milk in PBS for 1 h at room temperature and then incu-
bated overnight at 4 °C with mouse anti-ATP synthase
B-subunit (1:1000, Life Technologies) and mouse anti-f3
actin (1:20,000, Sigma). Peroxidase-conjugated secondary
antibody and enhanced chemiluminescence detection system
(ECL, Thermo Scientific) were used to detect immunoreac-
tivity which was quantitated with a STORM 840 Phosphor
Imager (GE Healthcare). Individual samples of PLTs were
grouped by transgene status. PLTs corresponding to Tg(+/4+)
(n=3) and WT (n=3) were analyzed.

Metabolic Profiling in Resting and Thrombin
Activated Platelets

PLTs (15 x 10%well) were loaded in unbuffered Dulbecco’s
Modified Eagle Medium (DMEM) into each well of an
XFp microplate pre-coated with polyethylenimine (PEI) to
measure the cell respiratory control by XF analysis (XFp,
Seahorse Agilent, MA). The plate was subsequently cen-
trifuged (1500xg/10 min) to form a monolayer in the well.
After that, the supernatant was removed and replaced by
XF assay medium supplemented with 1 mM sodium pyru-
vate, 5.5 mM p-glucose and 4 mM L-glutamine (pH 7.4).
The measurements started after equilibration of the plate
(10 min at 37 °C). Generally, three baseline measurements
and three response rates (after the addition of a compound)
were measured and the average of these rates used for data
analysis. PLTs were first titrated with 0.5-2 pM of carbonyl
cyanide p-(trifluoro-methoxy) phenyl-hydrazone (FCCP), a
compound that increments oxygen consumption rate (OCR)
by inhibiting the coupling between the electron transport
and phosphorylation reactions [25]. One with seventy-five
uM FCCP induced the greatest OCR increment that we were
able to observe (Fig. S1 a, b). On the other hand, 2.5 uyM
of oligomycin, an inhibitor of ATP synthase, rendered the
maximum inhibition of the OCR. Therefore, these concen-
tration of FCCP and oligomycin were used for all the experi-
ments. PLTs were consecutively treated with oligomycin A,
FCCP, and antinomycin A/rotenone (0.5 uM). Experiments
consisted of mixing (60 s) and measurement (3 min) cycles.
All experiments were performed at 37 °C. The response to
thrombin (0.5 Units/mL) was evaluated and optimal con-
centration of FCCP under these condition was determined
by concentration response experiments as described above.
In order to compare different animals/groups, and due to
the fact that common methods for normalization (Hoechst
staining or total protein/well) can not be used because PLTs
have no nucleus and the XFp microplates are pretreated with
PEI that interferes with the reagents to quantify proteins,
absolute OCR values expressed as [pmolO,/min] were nor-
malized to the average baseline value of PLTs from WT
rats obtained before the addition of thrombin, inhibitors
or uncouplers and after correction of non-mitochondrial
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respiration (antimycin A/rotenone resistant respiration). Val-
ues were expressed as % WT Basal (100%). The respiratory
parameters were calculated as previously described [26].

Hippocampal, Plasma and PLTs Expression
of Human A Isoforms

MSD® V-PLEX PLUS Ap Peptide Panel 1 kit was employed
to quantify soluble human A 38/40/42 isoforms in plasma,
hippocampal and PLTs homogenates from Tg(+/+) rats, fol-
lowing manufacturer’s instructions. It is of note that PLTs
from Tg(+/+) rats do not express the human APP transgene,
and the rationale to assess human A isoforms in these prep-
arations was to determine whether rat PLTs absorb human
AP circulating in plasma. Homogenates were performed in
RIPA buffer (150 mM NaCl, 0.5% sodium deoxycholate,
1% TritonX-100, 2% SDS) containing proteases inhibitors
(5 mM EDTA, 5 mM EGTA, 5 pg/mL leupeptin, 10 pg/mL
aprotinin,1 pg/mL pepstatin) and phosphatases inhibitors
(50 mM sodium fluoride and 5 mM sodium orthovanadate).
Briefly, samples were loaded in duplicates onto MULTI-
SPOT® microplates pre-coated with antibodies specific to
the C-termini of AB38, AP40 and AB42 and were detected
with SULFO-TAG™:-]abeled 6E10 antibody. Light emitted
upon electrochemical stimulation was read using the MSD
QuickPlex SQ120 instrument. Data were analyzed using
MSD Workbench 4.0 software.

Evaluation of Brain Ap Pathology and Oxidative
Stress

Immunohistochemistry on freely floating (40 um) coronal
brain sections was performed as previously described [20,
27, 28] with some modifications. Briefly, Ap deposition was
detected with McSA1 mouse monoclonal antibody (1:100)
and visualized with 0.05% diaminobenzidine/0.01% hydro-
gen peroxide (Vector Laboratories, Burlingame, USA). Oxi-
dative damage was assessed using a monoclonal antibody
against 8-hydroxy-2'-deoxyguanosine (8-OHdAG) (1:50,
Percipio Biosciences), a marker of nuclear and mitochon-
drial DNA oxidation. Immunoreactivity was developed with
a secondary antibody labeled with biotin (1:250; Jackson
ImmunoResearch) followed by Cy3-streptavidin (1:250;
Jackson ImmunoResearch). Sections were analyzed with
an Olympus BX50 microscope and/or Zeiss Pascal LSM 5
confocal microscope with LSMS5 image browser.

Statistical Analyses

Group means were compared by unpaired Student t- or
Mann—Whitney tests. A two-tailed probability of 5% or
less was considered to be significant. Data are presented as
the means =+ standard error of the mean (SEM). Statistical
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analyses were performed using SPSS 15.0 for Windows soft-
ware (Chicago, IL, USA).

Results

Tg(+/+) Brains Display Ap Accumulation
and Markers of Oxidative Damage

It was previously reported that McGill-R-Thy1-APP
homozygous transgenic rats show progressive cognitive
impairments starting at the pre-plaque stage, at the age of
3 months, while amyloid plaques can be detected from 6
to 9 months of age. A revision of the cognitive domains
affected in this animal model of AD-like amyloid pathology
is detailed in Table 1. At a neuropathological level, brains of
post-plaque Tg(+/+) rats are characterized by the presence
of intraneuronal AP accumulation, dense amyloid plaques,
astrocytosis and microglial activation and proliferation [20,
21, 29-35]. Accordingly, in our cohorts, sections of 12-14
month-old Tg(+/+) rats were positive for A immunostain-
ing (Fig. la, right panel) and showed increased immuno-
reactivity when probed with anti-8-OHdG (Fig. la, right
panel inset), suggesting that in addition to Ap accumulation
brains of these animals display oxidation of mitochondrial
nucleic acids. In agreement with neuropathology, quantita-
tion of total Ap levels by a highly sensitive multiplex ELISA
showed that AB38, Ap40 and AP42 human isoforms accu-
mulate in Tg(+/+) brains (Fig. 1b, left panel).

Platelets From Tg(+/+) Rats Do Not Adsorb Human
AB and Display Similar Coagulogram, Aggregation
Profile and Mitochondrial Content as Compared
to Control Animals

In accordance with the brain accumulation of human A
isoforms, we detected human peptides in plasma of Tg(+/+)
rats (Fig. 1b, right panel) while no signal was observed in
PLTs homogenates (data not shown). Regarding biochemical
properties of Tg(+/4+) PLTs we found a significant increment

in the plateletcrit (volume occupied by platelets in the blood)
of Tg(+/+) as compared to WT rats, while other aspects
remained unchanged (Table 2). Moreover, the coagulogram
(Table 2) and PLTs aggregation of Tg(+/+) rats was unal-
tered as compared to WT (Fig. 2a). In addition, the levels of
ATP synthase 3 subunit (detected by Western blotting) were
unmodified between genotypes (Fig. 2b) suggesting similar
mitochondrial content in PLTs from different genotype.

Platelets From Tg(+/+) Rats Show Decreased
Respiration After FCCP Addition and Impairment
to Meet the Energetic Demand Associated With
Thrombin-Dependent Aggregation

To determine whether mitochondrial respiration was altered
in PLTs from Tg(+/+) rats we first performed a titration of
FCCP using WT PLTs from 3-month-old rats in the presence
of 2.5 uM oligomycin (Fig. S1a). The chosen optimal FCCP
concentration (1.75 pM) was used to compare the basal res-
piration with that observed after FCCP addition between
PLTs from 3 to 6 months WT and Tg(+/+) rats under resting
conditions (Fig. 3a). We did not find significant differences
in PLTs respiratory parameters between WT and Tg(+/+)
rats. In both groups, respiration after FCCP addition reached
basal values, but did not exhibit spare respiratory capacity,
suggesting that mitochondria of resting PLTs cannot respond
to an increase in energy demand. After that we evaluated
the impact of aging in PLTs mitochondrial function and
found that respiration after FCCP addition did not reach
basal value (100%) either in WT (62.3 +7.68%) or Tg(+/+)
(36.3 £8.05%) animals of 12-14 months of age (Fig. 3a).
Moreover, a significant decrement was detected in Tg(+/+)
as compared to WT PLTs (63.7% vs. 37.7%; p <0.05).

To assess whether there were differences between geno-
type on PLTs plasticity in aged animals we evaluated the
typical OCR and the extracellular acidification rate (ECAR)
profiles after the sequential addition of thrombin (0.5 U/
mL), oligomycin, FCCP and antimycin A/rotenone. The
optimal FCCP concentration in thrombin-activated PLTs
was determined by a new tritation (Fig. S1b) and it was the

Table 1 Cognitive deficits

in homozygous transgenic
McGill-R-Thy1-APP rat at the
post-plaque stage

Impaired memory/learning Behavioral task employed References
Episodic-like memory Novel object recognition [35]
[33]
[29]
Novel object location [35]
[33]
Spatial learning/memory Morris water maze [21]
[29]
[22]
Associative learning Contextual fear conditioning recall [35]
Cued fear conditioning recall [35]
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Fig. 1 AP pathology and oxidative stress in hippocampus of Tg(+/+)
rats. a Intraneuronal accumulation of A (arrows) and senile plaques
(arrowheads) are well established neuropathological hallmarks of
12-14 month-old Tg(+/+) rats. Hippocampus (Hip) and cortex (Cx)
show intense McSA1 immunoreactivity (upper right panel) as com-
pared to age-matched WT rats (upper left panel). Sections were coun-
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terstained with cresyl violet. Insets, magnification of CAl region
decorated with 8-OHdG (red); nuclei were stained with DAPI (blue).
Scale bar: 500 um. Insets: 10 pm. b AB38/40/42 levels quantified
by high sensitive multiplex ELISA in hippocampus (left panel) and
plasma (right panel). Bars represent the mean+SEM of Tg(+/+)
(n=3) rats. ND not detectable. (Color figure online)

Table 2 Hematologic indices in

12-14 month-old Wistar rats Parameter Units Control (WT)  Transgenic (+/+)
Hemogram
Platelet number 103/uL 508.3+36.2 596.8+102.4
Mean platelet volume (MPV) Femtoliters (fL) 7.567+0.1 7.400+0.06
Mean platelet mass (MPM) pg 1.403 +0.03 1.463+0.05
Platelet volume distribution width (PDW)  Percentage (%) 37.03+4.7 36.63+1.4
Plateletcrit (PCT) Percentage (%) 0.35+0.01 0.54+0.09%*
Mean platelet component (MPC) Gram/decilitre (g/dL) 19.5+0.18 20.6+0.83
Coagulogram
PT (extrinsic pathway) Sec 39.10+5.9 38.73+£8.2
PT % 23.17+5.2 24.17+4.8
INR 3.6+0.6 35+038
aPTT (intrinsic pathway) Sec 37.3+16.3 29.6+8.1

MPV analyser-calculated measure of thrombocyte volume, MPM mean platelet mass, PDW Indicator of
volume variability in platelets size, PCT Volume occupied by platelets in the blood, MPC Measure of mean
refractive index of the platelets. PT prothrombin time test, aPTT activated partial thromboplastin time, INR
international normalized ratio. n=3-6 rats/ group

*p<0.05
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Fig.2 Platelets from aged Tg(+/4) rats show similar aggregation
profile and mitochondrial content as compared to WT animals. a The
graph shows a representative aggregation profile of washed rat PLTs
under resting conditions and in the presence of agonist (1 Unit of
human thrombin) while stirring. Orange line, WT; blue line, Tg(+/+).
b Representative Western blot of PLTs corresponding to WT and
Tg(+/+) rats probed with mitochondrial resident protein ATP syn-
thase P subunit and P-actin, respectively. Left, molecular mass
markers in kDa. Lower panel, bars represent the mean+ SEM of the
immunoreactivity of ATP synthase f subunit normalized by p-actin
expressed as arbitrary units (AU). (Color figure online)

same as under resting conditions (1.75 uM). In this context,
the injection of thrombin increased the basal OCR in PLTs
from WT and Tg(+/+) rats (Fig. 3b). By contrast to throm-
bin-activated PLTs from WT rats, thrombin-activated PLTs
from Tg(+/+) did not reach basal OCR after FCCP addition
(Fig. 3b). Again, no spare respiratory capacity was detected
in thrombin activated PLTs from either WT or Tg(+/+)
rats. To measure non-mitochondrial sources of oxygen con-
sumption, the mitochondrial complex III and I inhibitors,
antimycin A (0.5 pM) and rotenone (0.5 uM), respectively,

were injected 12 min after FCCP addition, and caused, as
expected, a decrease in the OCR in both groups (Fig. 3b).

The basal ECAR (100%) increased similarly in WT and
Tg(+4/4) rats in response to thrombin and it was found to be
augmented approximately by 379% and 318%, respectively.
Moreover, increments of 454% (WT) and 363% (Tg(+/+))
were observed after oligomycin addition in agreement with
the activation of anaerobic glycolysis in response to the inhi-
bition of mitochondrial ATP synthesis (Fig. 3c).

To determine whether mitochondrial metabolic param-
eters were statistically different between genotypes in aged
rats, absolute values were normalized to the average baseline
value of PLTs from WT rats obtained before the addition
of thrombin, inhibitors or uncouplers and after correction
of non-mitochondrial respiration. As it is shown in Fig. 3d
the injection of thrombin significantly increased basal OCR
in WT PLTs (172%) while the increment in Tg(+/+) PLTs
(127%) was similar to WT basal respiration (100%). We also
found in thrombin activated WT PLTs a significant incre-
ment in the respiration reached after FCCP addition, as com-
pared to resting conditions (130% vs. 100%). By contrast,
a significant decrement was detected in thrombin activated
PLTs from Tg(+/+) (49%) as compared to WT rats (100%)
(Fig. 3d). The fact that proton leak was unchanged between
PLTs from WT and Tg(+/+) rats under either resting or acti-
vated conditions (Fig. 3a and d), suggests that mitochondria
were not damaged in PLTs from Tg(+/+) rats.

Discussion

To the extent of our knowledge, this is the first report to
study PTLs mitochondrial function in a transgenic model
of AD. At the hematological level, the only parameter that
differed significantly in the hemogram between WT and
Tg(+/+) rats was the plateletcrit (PCT), suggesting that the
volume occupied by PLTs in the blood of Tg(+/+) is higher
than in WT rats. However, as the mean PLTs number and
PLT volume did not differ significantly between genotypes
we could suggest that mean PCT values of WT (0.35%)
and Tg(+/+) (0.54%) are included in the interval of refer-
ence values of Wistar rats similar to what was reported in
Sprague—Dawley rats [36].

At the functional level we show that PLTs from Tg(+/+)
rats did not display any alterations in the rate of aggrega-
tion at baseline or after the addition of thrombin as agonist.
In this regard, it was previously reported that inhibition of
mitochondrial metabolism do not prevent PLTs aggrega-
tion, probably due to a switch to glycolytic metabolism, to
compensate for the decrease in oxidative phosphorylation.
Furthermore combining inhibition of glycolysis, with inhi-
bition of fatty acid metabolism and/or glutamine deple-
tion, strongly inhibits aggregation, compared to glycolytic

@ Springer



Neurochemical Research (2019) 44:1375-1386

1382
A
150+
%* %k
1 I#—|
® 1004
]
(4
% o
RE
e 50+
S TV X VT R TR Y vrer
Qéq QQOG Qéq QQ(’O 0,@ Qoo Qéq Q{((,
36m 1214
C
600+
s
& 400-
om
X
(14
< 2004
($)
m - - - -
L
Bas Thr Oligo FCCP

Fig.3 Bioenergetic profile of PLTs from WT and Tg(+/+) rats. a
Parameters of mitochondrial function were calculated in resting PLTs.
OCR was normalized to the average baseline value of PLTs from WT
rats obtained before the addition of inhibitors or uncouplers and after
correction of non-mitochondrial respiration. Values are expressed
as % WT Basal (100%). White bars, WT; black bars, Tg(+/+).
Data are expressed as the mean+SEM of WT (n=4) and Tg(+/+)
(n=5) rats. Three replicates per sample were performed. *p <0.05,
respiration after FCCP addition versus basal respiration (100%) in
12-14 month-old WT rats; **p <0.01, respiration after FCCP addi-
tion vs. basal respiration in 12—14 month-old Tg (+/4) rats; *p <0.05,
respiration after FCCP addition between 12 and 14 month-old WT
and Tg (4+/+) rats. b OCR profile of thrombin-activated PLTs. Circle,
WT; square, Tg(4+/4). PLTs basal respiration was determined dur-
ing 12 min. After that, thrombin (T) was applied and then sequen-
tial injections of oligomycin (O), FCCP and Antimycin A (AA)/
Rotenone (R) were performed. Dashed and dotted lines represent the
basal respiration for PLTs from WT and Tg(+/+) rats, respectively. ¢
Graph bars shows the extracellular acidification rate (ECAR) deter-
mined in parallel with respiration shown in b. Data are expressed as

inhibition alone, providing further evidence for multiple
oxidative substrate usage in platelet metabolism [37].

Our results show that the presence of the transgen did
not alter the mitochondrial content in PLTs homogenates
suggesting that differences in the metabolism of PLTs from
Tg(+/+) rats as compared to WT could be assigned to
mitochondria dysfunction as previously suggested in PLTs
isolated from AD patients [38].
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the mean % of basal (100%) + SEM. WT, white bars (n=4); Tg(+/+),
black bars (n=5) rats. Three replicates per sample were performed.
d Parameters of mitochondrial function were calculated in thrombin-
activated PLTs from 12 to 14 WT and Tg(+/+) rats. OCR was nor-
malized to the average baseline value of PLTs from WT rats obtained
before the addition of thrombin, inhibitors or uncouplers and after
correction of non-mitochondrial respiration. Values are expressed as
% WT Basal (100%). White bars, 12—14 month-old WT rats; Black
bars, 12-14 month-old Tg(+/4) rats. Data are expressed as the
mean=+ SEM of WT (n=4) and Tg(+/+) (n=>5) rats. Three replicates
per sample were performed. **p <0.01 WT basal respiration (100%)
versus WT basal respiration after thrombin addition; **p <0.01 respi-
ration after FCCP addition between WT and Tg(+/+) rats; #p <0.01
respiration after FCCP addition in Tg(+/+) rats versus WT basal
respiration (100%). Bas. (Basal OCR— non-mitochondrial OCR);
Thr (OCR after thrombin addition—non-mitochondrial OCR); ATP-
L, ATP-linked respiration (Basal—Oligomycin resistant OCR); P-L,
proton-Leak (Oligomycin resistant OCR—non-mitochondrial OCR);
FCCP, respiration after FCCP addition (OCR after the addition of
FCCP—non-mitochondrial OCR)

Here we report that under resting conditions, there
are no significant differences in any of the bioenergetics
parameters, analyzed between WT and Tg(+/+) PLTs iso-
lated from young animals (3—6 months of age). It is of note
that PLTs from WT and Tg(+/+) rats do not exhibit spare
respiratory capacity in agreements with previous reports
[39, 40], suggesting that mitochondria of resting PLTs can-
not respond to an increase in energy demand. In addition,
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in 12—14 month-old rats respiration after FCCP addition
did not reach basal values regardless the genotype ana-
lyzed, suggesting that aging may modulate PLTs bioener-
getics. Moreover, respiration after FCCP addition showed
a significant decrease in PLTs from 12 to 14 month-old
Tg(+/+) as compared to WT rats, suggesting that Ap and
or APP fragments accumulation in the brain may gener-
ate an oxidative/inflammatory environment that promotes
PLTs mitochondrial dysfunction that mirrors bioenerget-
ics defect observed in the brain of Tg(+/+) rats. We have
previously demonstrated that the hippocampus of 6 month-
old hemizygous transgenic rats shows alterations of redox
equilibrium and sustained mitochondrial oxidative damage
which may be responsible of the respiratory impairments
observed in synaptosomes [28]. In the present work, we
provide strong evidence that the hippocampus of aged
Tg(+/+) rats shows A plaques and expression of 8-OHdG
positive cells in brain areas displaying Af accumulation in
a pattern similar to what was observed in AD brains [41]
and that both brain biomarkers impact on the bioenergetics
performance of PLTs.

The fact that resting PLTs do not display spare respira-
tory capacity is in agreement with the physiological role of
this blood component. By contrast to neurons, that gener-
ally maintain a reserve capacity that enables upregulation
of energy production under conditions of stress or excess
energy demand [42] and in which the lack of reserve capac-
ity have been linked to increased sensitivity to cell death in
the presence of stressors [43, 44], resting PLTs do not face
any energy request.

Interestingly, thrombin significantly increased basal res-
piration in PLTs from aged WT rats, indicating the contribu-
tion of the mitochondrion to the energetic request associated
with thrombin stimulated aggregation. However, this phe-
notype was not observed in PLTs of aged Tg(+/+) animals.
Taking into account that we did not find differences in the
aggregation profile between PLTs from WT and Tg(+/+)
rats we could speculate that PLTs from Tg(+/+) rats could
compensate the energetic demand with glycolysis as previ-
ously reported [37]. Further experiments are required to test
this hypothesis.

The significant decrements detected in respiration after
FCCP addition between thrombin-activated PLTs from
Tg(+/+) and WT rats may reflects the failure of Tg(+/+)
PLTs to respond to an increase in energy demand with the
same performance than WT PLTs, suggesting reduced fit-
ness or flexibility. It is of note that decreased respiration
observed after FCCP addition in thrombin-activated PLTs
from Tg(+/+) rats was previously reported in synaptosomes
isolated from transgenic rat brains when challenged with
an increased energy demand [28], suggesting that the poor
performance of these animals in hippocampal-dependent
tasks [27] may be due to this synaptic metabolic impairment.

Decrements observed in respiration after FCCP addition
is consistent with a potential deficit of substrates, taking into
account that the XF base medium used in these experiments
contains only pyruvate, glutamine and glucose, but not free
fatty acids. Substrates involved in the rapid and sustained
stimulation of mitochondrial respiration upon addition of
thrombin in PLTs are unknown. One possibility is that they
are fatty acids likely derived from endogenous free fatty
acids and from triglycerides stores [45, 46]. Fatty acid oxi-
dation also occurs in peroxisomes and in the presence of
enzymes such as cyclooxygenase [47, 48]. However, since
the OCR is inhibited by antimycin A/rotenone, we consider
that it can largely be ascribed to mitochondrial oxidative
phosphorylation. It has been suggested that high levels of
thrombin lead to the opening of the mitochondrial perme-
ability transition pore during PLTs aggregation, inducing a
decrement in the mitochondrial membrane potential and a
reduction of the ATP output [49, 50]. In this report, we have
shown that over the first 20 min after thrombin exposure
there is no change in proton leak, suggesting that in PLTs
from WT and Tg(+/+) rats the mitochondrial permeability
transition pore was not opened under these conditions.

A previous metabolic study using PLTs from AD patients
suggested that changes in mitochondrial respiratory param-
eters are not associated with the progression of AD, except
for the increased capacity of the electron transport system
in digitonin permeabilized PLTs [38]. By contrast, our data
show a significant decrease in the respiration after FCCP
addition in intact PLTs from Tg(+/4) as compared to WT
rats. Discrepancy between our data and those reported previ-
ously in AD patients may be due to differences in the meth-
odologies employed and/or in intrinsic properties of biologi-
cal samples. FiSar et al. [38] performed experiments in an
Oroboros Oxygraph with continuous stirring in a buffer with
mitochondrial substrates (malate, pyruvate, ADP, glutamate
and succinate), while the measurement with the Seahorse
extracellular flux analyzer employed in the present study was
carried out with PLTs seeded in miniplates and relied on the
presence of glucose that needs to be processed by PLTs prior
to be used as mitochondrial substrate, resembling a more
physiological situation. Moreover, human PLTs are able
to generate endogenous A [14] with potential amyloido-
genic and toxic properties, while PLTs of Tg(+/+) generates
rodent AP which is non-amyloidogenic [51] and not toxic.

In conclusion, in the present study we show that thrombin
activated PLTs from aged Tg(4/+) rats exhibit a specific pro-
file of mitochondrial dysfunction, even if PLTs of Tg(+/+)
rats do not accumulate Ap. Tg(+/+) brain displays oxidative
and nitrosative stress markers, protein-bound 4-hydroxynon-
enal and protein-resident 3-nitrotyrosine which generate
inflammatory cytokine production (TNF-a and IFN-Y'), as
well as microglial recruitment towards Af-burdened neu-
rons [52]. Cytokines produced in the CNS can enter the

@ Springer



1384

Neurochemical Research (2019) 44:1375-1386

circulation with the reabsorption of the CSF. Moreover, the
nonsaturable efflux from the CSF to blood may result in
large increases in blood levels of cytokines [53]. We propose
that PLTs from Tg(+/+) rats, containing respiring mitochon-
dria, sense and respond to cytokines such as TNF-a which
induces PLTs reactive oxygen species (O, ™) production [54]
that may damage the respiratory chain complexes leading to
bioenergetics dysfunction. Since mitochondria of PLTs can-
not be replaced, they have frequently been used as a bioener-
getics sensor of pathological setting. The failure to remove
damaged mitochondria by mitophagy and replace them with
healthy organelles can result in a progressive deterioration in
PLTs bioenergetics function [18] as here reported in a model
of a chronic disease.

Furthermore, the association of PLTs metabolic altera-
tions with neuropathology and cognitive impairments
observed in this animal model suggests that PLTs bioener-
getics may potentially be useful to assess clinical severity
and progression in AD patients.
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