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Abstract
Membrane transporters such as ATP-binding cassette (ABC) and solute carrier (SLC) transporters expressed at the neu-
rovascular unit (NVU) play an important role in drug delivery to the brain and have been demonstrated to be involved in 
Alzheimer’s disease (AD) pathogenesis. However, our knowledge of quantitative changes in transporter absolute protein 
expression and functionality in vivo in NVU in AD patients and animal models is limited. The study aim was to investigate 
alterations in protein expression of ABC and SLC transporters in the isolated brain microvessels and brain prefrontal cortices 
of a widely used model of familial AD, 5xFAD mice (8 months old), using a sensitive liquid chromatography tandem mass 
spectrometry-based quantitative targeted absolute proteomic approach. Moreover, we examined alterations in brain prefrontal 
cortical and plasmatic levels of transporter substrates in 5xFAD mice compared to age-matched wild-type (WT) controls. 
ASCT1 (encoded by Slc1a4) protein expression in the isolated brain microvessels and brain prefrontal cortices of 5xFAD 
mice was twice higher compared to WT controls (p = 0.01). Brain cortical levels of ASCT1 substrate, serine, were increased 
in 5xFAD mice compared to WT animals. LAT1 (encoded by Slc7a5) and 4F2hc (encoded by Slc3a2) protein expressions 
were significantly altered in the isolated brain microvessels of 5xFAD mice compared to WT controls (p = 0.008 and p = 0.05, 
respectively). Overall, the study provides important information, which is crucial for the optimal use of the 5xFAD mouse 
model in AD drug development and for investigating novel drug delivery approaches. In addition, the findings of the study 
shed light on the novel potential mechanisms underlying AD pathogenesis.
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Introduction

Alzheimer’s disease (AD) is a prevalent neurodegen-
erative disease, which is the most common cause of 
dementia. AD is biologically defined by the presence of 
extracellular β-amyloid (Aβ) plaques and intraneuronal 
neurofibrillary tangles (NFTs) composed of aggregated 

hyperphosphorylated tau protein in the brain [1]. The amy-
loid plaques consist of insoluble aggregates of Aβ peptides, 
which are produced after the amyloid precursor protein 
(APP) cleavage by β- and γ-secretases. Moreover, there is 
growing evidence of dysfunction of the neurovascular unit 
(NVU) with the blood–brain barrier (BBB) in AD [2]. The 
BBB regulates the passage of solutes, such as nutrients and 
drugs, into and out of the brain by forming tight junctions 
between the brain microvascular endothelial cells and by 
expressing transporters as well as metabolizing enzymes [3].

The transporters expressed at the brain capillary endothe-
lial cells and other cells of NVU including glial cells, such 
as astrocytes, microglia, as well as pericytes and neurons 
mainly refer to either Solute carrier family transporters 
(SLCs) or adenosine triphosphate (ATP)-binding cassette 
transporters (ABCs) [4]. ABC and SLC transporters of the 
NVU have been shown to play roles in AD pathogenesis 
by being involved in several molecular pathways altered 
in AD [5, 6]. It has been reported that extracellular Aβ 
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accumulation in the brain is caused by reduced clearance 
of the peptides across the BBB due to the downregulation 
of ABCB1 transporter (also known as P-glycoprotein or 
multidrug resistance protein 1) [7, 8]. Moreover, the studies 
showed that, in addition to ABCB1, other ABC transporters 
regulate the clearance of Aβ from the brain [5, 6]. Impor-
tantly, several metabolic pathways, for example, amino acid 
and glucose homeostasis, have been found to be altered in 
AD brain, which could be caused by altered expression and/
or function of SLC transporters regulating the influx of the 
nutrients and metabolites in the brain [6, 9–17]. Both ABC 
and SLC transporters play important roles in brain delivery 
of CNS drugs including donepezil, galantamine, rivastig-
mine, and memantine [18–21], which can be altered in AD 
resulting in unexpected therapeutic outcomes or adverse 
effects. Thus, the investigation of AD-related changes in 
transporter protein expression and function in the NVU 
cells is crucial for identifying new molecular mechanisms, 
which underly AD pathogenesis, development of effective 
AD treatments, investigating novel drug delivery strategies, 
and predicting drug concentrations in AD patients.

The majority of AD cases refer to late-onset AD which 
occurs after the age of 65 years, while the rarer form of 
AD, early-onset AD, accounts for less than 5% of all cases 
and manifests by age 60 [22]. Most patients who suffer 
from early-onset AD have familial AD (FAD), which is a 
hereditary disease associated with mutations in the genes 
involved in the production of Aβ peptides such as APP and 
presenilin-1 and 2 (PSEN1 and PSEN2) [23]. Although FAD 
is much less common form of AD compared to sporadic 
AD, the mutations associated with this AD form underlie 
the major molecular representation of AD based on which 
many of the animal models used in AD drug development 
have been designed, as well as drug candidates have been 
developed and tested. One of the FAD models widely used in 
AD research is a transgenic 5xFAD mouse, which expresses 
human APP and PSEN1 transgenes with five mutations 
linked to AD [24]. The 5xFAD model is characterized by 
amyloid plaque pathology, which is more pronounced in 
females than in males, cognitive impairment, and inflamma-
tion similar to that found in AD patients with an accelerated 
rate compared to other models of FAD [24–27]. However, 
information about changes in the NVU transporter protein 
expression and function in this mouse AD model is limited. 
Therefore, quantitative information about the expression 
of NVU transporters in 5xFAD mice is crucial for under-
standing the relevance of the use of the model to mimic AD 
pathology during the investigation of the molecular mecha-
nisms, which underly the progression of AD, drug target 
validation, development of new brain-targeting drug delivery 
strategies, and translation of preclinical data to humans.

The aim of the present study was to characterize a mouse 
model of familial AD, 5xFAD mice [24], which is widely 

used in AD research and drug development, in terms of 
changes in protein expression of five ABC and thirteen 
SLC transporters in the isolated brain microvessels as well 
as the brain prefrontal cortex. Here, we applied previously 
developed sensitive liquid chromatography with tandem 
mass spectrometry (LC–MS/MS)-based quantitative tar-
geted absolute proteomics (QTAP) methods [28, 29]. The 
LC–MS/MS-based QTAP approach enables a sensitive and 
robust quantitative analysis of low abundant target proteins 
with multiple advantages over the antibody-based meth-
ods such as western blotting [30], and has been extensively 
applied for protein expression quantification of transporters 
and other proteins in the NVU in health and diseases [17, 28, 
29, 31–35]. Moreover, we compared the alterations in trans-
porter protein expression in the isolated brain microvessels 
and brain prefrontal cortices of 5xFAD mice to previously 
published data in AD patients and other animal models in 
order to assess the relevance of the animal models to mimic 
AD-related changes in transporter protein expression in 
the NVU in humans. Finally, we investigated if there are 
any changes in the brain prefrontal cortical and plasmatic 
concentrations of the substrates of the transporters, whose 
expression have been found to be altered in 5xFAD mice, 
in order to provide indirect evidence of the contribution of 
these transporters to AD pathogenesis in the functional level.

Materials and Methods

Materials

Dithiothreitol (#D9760), guanidine hydrochloride (#G3272), 
acetonitrile (#1.00029), formic acid (5.33002), ethylen-
ediaminetetraacetic acid (EDTA) (#E9884), Tris–HCl 
(#10,812,846,001), bovine serum albumin (BSA, A3294), 
NaCl (#S9888), KH2PO4 (#P5655), KCl (#P3911), 
HEPES (#H3375), CaCl2·2H2O (#223,506), MgSO4·7H2O 
(#1,374,361), dextran (#31,390), non-labelled amino 
acids L-serine (#PHR1103), L-alanine (#PHR1110), 
L-leucine (#PHR1105), L-isoleucine (#PHR1099), 
L-tyrosine (#PHR1097), L-phenylalanine (#PHR1100), 
histidine (#H0750000), and protease inhibitor cocktail 
(#11,836,170,001) were purchased from Sigma-Aldrich (St. 
Louis, MO). The stable isotope-labelled peptides (absolutely 
quantified) were provided by the JPT Peptide Technologies 
GmbH, Berlin, Germany. ProteoExtract® Subcellular Pro-
teome Extraction Kit (#539,790) was purchased from Merck 
KGaA, Darmstadt, Germany. Tosylphenylalanylchlorome-
thyl ketone-treated trypsin (VA9000), Protease-Max sur-
factant (V2072), and lysyl endopeptidase (Lys-C, VA1170) 
were purchased from Promega (Madison, WI, USA). A mix-
ture of standards (product number MSK-A2-1.2) containing 
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stable isotope-labelled amino acids was obtained from Cam-
bridge Isotope Laboratories, Inc.

Study Design and Experimental Model

The study was performed according to the Council of Europe 
Legislation and Regulation for Animal Protection. The 
approval for all the experiments (license number ESAVI-
2018–012,856) was obtained from the Animal Experiment 
Board in Finland (Regional State Administrative Agency of 
Southern Finland). The animal experiments complied with 
the ARRIVE guidelines and were conducted according to 
EU Directive 2010/63/EU for animal experiments. In the 
present study, we used transgenic hemizygous 5xFAD mice 
(25 ± 2.7 g, n = 35) (RRID:MMRRC_034848-JAX, Jackson 
Laboratories, Bar Harbor, ME, USA) carrying human APP 
with the APP Swedish, Florida, and London mutations as 
well as human PSEN1 with the M146L and L286V muta-
tions, which were driven by the mouse Thy1 promoter [36] 
and their wild-type (WT) littermates (20 ± 1.7 g, n = 35) on 
the C57BL/6 J background (RRID:IMSR_JAX:000,664, 
Jackson Laboratories, Bar Harbor, ME, USA). All mice were 
8-month-old female mice as at this age 5xFAD female mice 
have been shown to develop a full range of AD pathologi-
cal characteristics, such as amyloid pathology, presence of 
phosphorylated tau aggregates in the brain, cognitive impair-
ment, long-term potentiation and synaptic transmission 
deficits, and astrocyte reactivity [24–27]. Due to a higher 
prevalence and risk of AD for women compared to men [37], 
female mice were used in the study. Mice were housed in 
controlled temperature and humidity, 12:12-h light–dark 
cycles, with access to water and a maintenance diet ad libi-
tum. The animals were housed in plastic cages, which were 
covered by a reusable filter animal cage cover from Tecni-
plast Inc., USA, on aspen wood chips in Scantainer-units. 
This is an exploratory study, but to orientate in sample size, 
we used Abcg2 protein expression levels at the isolated rat 
brain microvessels from our previous study [28]. The sample 
size calculation for the two-sided t-test with 5% significant 
level and 80% power resulted in 6 observations per group.

Mouse Genotyping

Transgenic 5XFAD mice (RRID:MMRRC_034848-JAX) 
and C57BL/6  J mice (RRID:IMSR_JAX:000,664) were 
purchased from The Jackson Laboratories (Jackson Labo-
ratories, ME, USA). For maintaining the 5xFAD and non-
transgenic WT colonies on site, male transgenic hemizygous 
5xFAD mice were crossed with female C57BL/6 J dams at 
sexual maturity age (approximately 6 weeks of age). Due to 
the congenic background of 5xFAD mice, non-transgenic 
littermates (WT) were used as a control in the study. After 
pups were weaned, they were ear-punched for subsequent 

identification and genotyping. Mice were housed together 
with their littermates (n = 3–4 per cage) and aged until the 
study age.

For genotyping, DNA was isolated from mouse ear biop-
sies using 50 mM NaOH (Fisher Chemicals, #1,870,577) 
at 95 °C for 1 h followed by vortexing. Samples were then 
cooled to room temperature and 1 M Tris, pH 8.0 (Sigma, 
#T1503), was added to neutralize the lysis. Samples were 
centrifugated for 6 min at 13000 g at room temperature. The 
standard polymerase chain reaction (PCR) assay (Genotyp-
ing protocol database, #003,378, standard PCR Assay – Tg 
(PSEN1), Jackson Laboratories, Bar Harbor, ME, USA) 
was performed with obtained DNA samples and primers 
for the PSEN1 transgene (IDT, USA). All the primers are 
listed in Table S1. After PCR, samples were separated by 
gel electrophoresis on a 1% agarose gel (Nippon Genetics 
Europe, #AG02) with Tris/Borate/EDTA (TBE) buffer and 
pre-stained with Midori Green Advance DNA stain (Nip-
pon Genetics Europe #MG04) for easier detection. Bands 
were detected with BioRad ChemiDoc™ MP Imaging sys-
tem using ImageLab software (Bio-Rad, USA). Transgenic 
samples were identified by the presence of double bands of 
the PSEN1 transgene (608 bp) and internal positive control 
(324 bp). The mice lacking the PSEN1 transgene band were 
considered WT. A representative image of genotyping sam-
ples is provided in Supplementary File 1 (Fig. 4).

Tissue Collection

On the day of tissue collection, at light time, mice were 
killed using carbon dioxide asphyxiation, as it has been used 
in previous studies to which the results of the present study 
are compared. In addition, the use of anaesthetics might 
affect the expression of transporters. Transcardial perfu-
sion using heparinized 0.9% saline (2500 IU/L, LEO) was 
performed to remove the blood. After that, mouse brains 
were dissected out of the skull, excised, and the cerebrums 
were extracted. For the immediate microvessel isolation, the 
brains were placed on ice cold buffer A (pH 7.4) consisting 
of 101 mM NaCl, 1.2 mM KH2PO4, 4.6 mM KCl, 15 mM 
HEPES, 5 mM CaCl2·2H2O, and 1.2 mM MgSO4·7H2O. 
Prefrontal cortex of about 15 mg was snap frozen, and 
stored at −70 °C until the quantitative real-time polymerase 
chain reaction (qRT-PCR) experiment, Aβ ELISA analysis, 
and LC–MS/MS-based proteomic analysis and amino acid 
analyses.

Aβ ELISA Assays

Total concentrations of Aβ1–40 and Aβ1–42 were measured 
in mouse brain cortical tissues as described previously [28] 
using Human Aβ40 and Aβ42 ELISA Kits purchased from 
Thermo Fisher Scientific (KHB3481 for Aβ40 and KHB3544 
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for Aβ42), following the manufacturer’s instructions. The 
concentrations of Aβ1–40 and Aβ1–42 were normalised to total 
protein levels (as presented by micrograms of Aβ per gram 
of total protein), which were measured using Bio-Rad DC 
Protein Assay (#5,000,112).

qRT‑PCR Analysis

Expression of inflammation markers, such as a marker of 
microglial activation, allograft inflammatory factor 1 (Aif1), 
and a marker of abnormal activation and proliferation of 
astrocytes, glial fibrillary acidic protein (Gfap), as well 
as a pro-inflammatory cytokine, interleukin-1 beta (Il1b), 
were quantified by qRT-PCR analysis in brain cortices of 
WT and 5xFAD mice. For this purpose, RNeasy Mini Kit 
(#74,004), Qiagen, Stockach, Germany, was used for total 
RNA extraction from mouse brain cortices according to the 
manufacturer’s protocol. Total RNA was quantified by Nan-
oDrop, Thermo Scientific, Dreieich, Germany. After that, 
cDNA was synthetized with Biozym cDNA synthesis Kit 
(#331475S), Oldendorf, Germany, according to the manu-
facturer’s protocol. The obtained cDNA was mixed with the 
PowerUp ™ SYBR ™ Green Master Mix (#A25741) pur-
chased from Thermo-Fischer, Waltham, USA, and different 
gene-specific primers (Table S2), which were obtained from 
Thermo Fisher Scientific. Relative target gene expression 
normalized to housekeeping gene expression, i.e., glyceral-
dehyde‐3‐phosphate dehydrogenase (Gapdh), in each sample 
was estimated according to the method explained previously 
[38]. For qRT-PCR analysis, LightCycler 96 (Roche Diag-
nostics) was used, and the data were acquired with LightCy-
cler® 96 SW 1.1 software, v. 1.1.0.1320 (Roche Diagnostics, 
Mannheim, Germany; 2011).

Isolation of Mouse Cerebral Microvessels

Mouse cerebral microvessels were isolated using the method 
combining a dextran density gradient separation with size 
filtration in accordance with the previously validated pro-
tocol [28], which has been regularly applied for transporter 
protein quantification studies in humans and animals with 
LC–MS/MS-based QTAP analyses [17, 39]. The cerebral 
microvessel isolation procedure was performed at 4 °C. 
Pooled mouse brain cortices (3.0 ± 0.2 g, 6–7 brain corti-
ces per one brain microvessel sample) were dissected into 
1 mm pieces. Five volumes of Buffer A per gram of tissue 
weight were added, and the cortices were homogenised by 
the Potter–Elvehjem homogenizer (DWK Life Sciences, 
Wheaton, 358,044) with 20 up-and-down, unrotated strokes. 
The obtained homogenates were centrifuged for 10 min at 
2000 × g at 4 °C. The pellet was suspended in Buffer B, 
which consisted of Buffer A with 16% dextran, followed 
by centrifugation for 15 min at 4500 × g at 4 °C. After that, 

the supernatant was removed to a new tube, and centrifuged 
again for 15 min at 4500 × g at 4 °C. The pellets obtained 
after two centrifugation steps were suspended in Buffer C 
consisting of Buffer A with 5 g/L BSA and combined, fol-
lowed by passing through a pre-wet nylon mesh of 200 µm 
(PluriStrainer® 200 µm, #43–50,200-03, PluriSelect Life 
Science, Germany). Consequently, the mesh was washed 
with 10 mL of Buffer C. The suspension, which passed 
through the filter, was then loaded onto a pre-wet nylon 
mesh of 100 µm (PluriStrainer® 100 µm, #43–57,100-51, 
PluriSelect Life Science, Germany). The nylon mesh was 
washed with 10 mL of Buffer C, and the obtained suspension 
was transferred to a pre-wet nylon mesh of 20 µm (PluriS-
trainer® 20 µm, #43–50,020-03, PluriSelect Life Science, 
Germany). The 20 µm mesh was washed with 40 mL of 
Buffer C, and the cerebral microvessels retained on the 
mesh were immediately collected after diverting the nylon 
mesh and washing it with 30 mL of Buffer C. The resulting 
suspension of the isolated cerebral microvessels was cen-
trifuged for 5 min at 1000 × g at 4 °C. The obtained pellet 
consisting of the isolated brain microvessels was suspended 
in 1 mL of Buffer A. Consequently, the microscopic evalu-
ation of the purity of the brain microvessels was performed. 
Finally, the suspension was centrifuged for 5 at 1000 × g 
min at 4 °C, and the supernatant was completely removed, 
while the resulting pellet was processed for crude mem-
brane isolation using ProteoExtract® Subcellular Proteome 
Extraction Kit (#539,790) according to the manufacturer’s 
protocol. Subsequently, total protein levels were measured 
in the crude membrane fractions of the isolated cerebral 
microvessel samples using the Bio-Rad DC Protein Assay. 
The crude membrane fractions were stored at −80 °C until 
LC–MS/MS-based QTAP analysis.

In addition to microscopic examination, the purity 
of the isolated cerebral microvessel preparations was 
assessed by comparing the absolute protein expression of 
the plasma abluminal membrane marker, such as Na+/K+-
ATPase, and the endothelial luminal membrane marker 
γ-glutamyltransferase (γ-Gtp), between the crude membrane 
fractions of isolated cerebral microvessels and correspond-
ing mouse brain cortical tissue [40].

Quantitative Targeted Absolute Proteomic Analysis

In the present study, the absolute protein expression of 
five ABC and thirteen SLC transporters (Table S3), Na+/
K+-ATPase, and γ-Gtp was quantified in crude membrane 
fraction of the isolated cerebral microvessels and brain pre-
frontal cortices in WT and 5xFAD mice. The investigated 
transporters have been selected previously [28] based on 
the potential or proven contribution to AD [5, 6, 9–17]. 
For LC–MS/MS-based QTAP analysis, the samples were 
prepared according to the previously published protocol 
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[41]. Briefly, for solubilization, 7 M guanidine hydrochlo-
ride, 500 mM Tris–HCl (pH 8.5), and 10 mM EDTA were 
added to the aliquots of samples (50 µg of total protein). 
Subsequently, the reduction of total protein was performed 
by addition of dithiothreitol, while S-carbamoylmethylation 
was performed by adding iodoacetamide. The precipitation 
with methanol and chloroform was performed on the sam-
ples. The resulting precipitates were dissolved in 6 M urea 
in 0.1 M Tris–HCl (pH 8.5). The samples were diluted 5 
times by adding 0.1 M Tris–HCl (pH 8.5) containing inter-
nal standard peptides (Table S3). After this step, Lys-C and 
Protease-Max were added, and the samples were incubated 
for 3 h at room temperature. Finally, a 16-h tryptic digestion 
of the samples was performed by adding tosylphenylalanyl 
chloromethyl ketone-treated trypsin (enzyme to substrate 
ratio of 1:100) at 37 °C. The samples were acidified by addi-
tion of formic acid in water 20% (v/v) and centrifuged for 
5 min at 14,000 × g at 4 °C. The resulting supernatants were 
used for LC–MS/MS-based QTAP analysis.

The LC–MS/MS analysis was performed with an Agi-
lent 6495 Triple Quadrupole Mass Spectrometer equipped 
with an ESI source (Agilent Technologies, Palo Alto, CA, 
USA) coupled to an Agilent 1290 Infinity LC (Agilent Tech-
nologies, Waldbronn, Germany) system. The Advance Bio 
Peptide Map column (2.1 × 250 mm; 2.7 μm) was used for 
HPLC separation and elution of the peptides as reported 
previously [28]. Simultaneous detection was performed for 
the eluted peptides by applying the positive ion multiple 
reaction monitoring (MRM) mode with a dwell time of 
20 ms per MRM transition. The following parameters were 
used: source temperature of 210 °C, drying gas flow rate of 
16 L/min, nebulizer pressure of 45 psi, and MS capillary 
voltage of 3 kV. The data acquisition was performed with 
the Agilent MassHunter Workstation Acquisition software, 
Agilent Technologies, Data Acquisition for Triple Quad., 
version B.03.01. The data was processed with Skyline soft-
ware (version 4.1).

The target protein expression quantitation was per-
formed using one unique peptide (Table S3), which has 
been selected based on the peptide selection criteria in silico 
[41] and previous studies [28, 39, 42–44]. The respective 
MRM transitions (three to four) for each individual peptide 
linked to the fragment ions with high intensity were used 
for quantification of a stable isotope-labelled peptide and an 
unlabelled target peptide (Table S3). The average of three 
or four quantitative values was used for the calculation of 
protein expression. When only two or one transition(s) were 
obtained for the peptide, the expression of the corresponding 
protein was considered to be under the limit of quantifica-
tion (ULQ). The quantification limits for each target protein 
were obtained as the lowest concentration of a stable iso-
tope-labelled peptide producing signal peaks with three or 
four transitions. The protein expression in crude membrane 

fractions of the isolated mouse cerebral microvessels and 
brain prefrontal cortex was presented as absolute values 
(fmol/μg total protein).

Amino Acid Analysis

Preparation of Plasma Samples

Mouse plasma samples were prepared in accordance with 
previously reported protocols with minor modifications 
[45, 46]. Briefly, plasma samples (30 μL) were centrifuged 
for 10 min at 14,000 × g at 4 °C. The supernatants (20 μL) 
were mixed with pre-chilled methanol (80 μL) containing 
internal standards (stable isotope-labelled amino acid mix-
ture) to produce a final 80% (v/v) methanol solution. Sub-
sequently, the samples were gently shaken and incubated 
for 6 h at −80 °C, followed by centrifugation for 10 min at 
14,000 × g at 4 °C. The resulting supernatant (80 μL) was 
immediately used for the LC–MS/MS analysis described 
below.

Brain Cortical Tissue Sample Preparation

The brain prefrontal cortical tissue samples were prepared 
in accordance with the previously reported protocol with 
small modifications [43]. Briefly, 10–20 mg of brain cor-
tical tissues were homogenised in 80% methanol in water 
(1:20, w/v) containing amino acid internal standards (stable 
isotope-labelled amino acid mixture). The samples were 
centrifuged for 10 min at 14,000 × g at 4 °C. Then, 70 μL of 
supernatant was mixed with 70 μL of 80% methanol in water 
containing internal standards and immediately used for the 
LC–MS/MS analysis described below.

Relative Quantification of Amino Acids in Mouse Plasma 
and Brain Prefrontal Cortical Tissue

For relative quantification of serine, alanine, phenylala-
nine, tyrosine, leucine, isoleucine, and histidine, an Agilent 
1200 Series Rapid Resolution LC System (Agilent Tech-
nologies, Waldbronn, Germany) coupled with Agilent 6410 
Triple Quadrupole Mass Spectrometer with an electrospray 
ionization source ESI (Agilent Technologies, Palo Alto, 
CA, USA) was used. The separation was performed using 
hydrophilic interaction chromatography (HILIC) in posi-
tive mode ESI in accordance with the previously described 
method [43, 47] using an ACQUITY UPLC BEH Amide 
column (100 mm × 2.1 mm, 1.7 μm; Waters Corporation, 
Milford, MA, USA). A flow rate was 0.6 mL/min. Column 
oven temperature was 45 °C. Eluent A was 50% (v/v) ace-
tonitrile in water, while eluent B was 90% (v/v) acetoni-
trile in water, both containing 20 mM ammonium formate 
(pH 3). The gradient elution was as follows: (0–2.5 min) 
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100% B; (2.5–10 min) 100% B → 0% B; (10–10.01 min) 
0% B → 100% B; and (10.01–12.5 min) 100% B. The injec-
tion volume was 2 μL. Mass spectrometric detection was 
performed as described previously [48] with MRM in the 
positive mode with the dwell time of 50 ms per transition 
and fragmentor voltage of 380 V. The MRM transitions, 
collision energies, and accelerator voltages are presented 
in Table S4. Data was acquired using the software Agilent 
MassHunter Workstation Acquisition (Agilent Technologies, 
Data Acquisition for Triple Quad., B.03.01) and processed 
with Quantitative Analysis (B.04.00) software. The methods 
were determined to possess acceptable (≤ 15% of the relative 
standard deviation) precision and accuracy.

Statistical Analysis

The absolute protein expression levels are expressed as 
mean ± standard deviation (SD) as well as a ratio of pro-
tein expression between WT and 5xFAD. The total concen-
trations of Aβ1–40 and Aβ1–42, normalized fold expression 
of Gfap, Aif1, and Il1b, and amino acid levels in plasma 
and brain cortical tissue of 5xFAD mice are presented as 
percentage of control in WT mice (mean ± SD). Statisti-
cal significance of differences in absolute protein expres-
sion, amino acid levels, total concentrations of Aβ1–40 and 
Aβ1–42, and normalized fold gene expression between WT 
and 5xFAD mice was analyzed using an unpaired t-test. A 
p-value of less than 0.05 was considered to be statistically 
significant. A ROUT test was used to identify statistical out-
liers which were removed from the analysis. To confirm the 
normal distribution, the data were tested against the null 
hypothesis. Data analysis was done using GraphPad Prism, 
version 5.03, GraphPad Software, San Diego, CA.

Results

Characterization of the 5xFAD Mouse Model

Female 5xFAD mice, as a model of familial AD, have been 
previously characterized in terms of AD pathology [25–27]. 
In this study, we confirmed that 5xFAD mouse model is 
characterized by Aβ pathology and inflammation in the 
brain. Thus, total Aβ1–40 and Aβ1–42 concentrations in the 
brain cortices of 5xFAD mice were 1.0 ± 0.67 mg/g total pro-
tein and 0.24 ± 0.098 mg/g total protein, respectively, while 
in WT mouse cortical tissue, the Aβ1–40 and Aβ1–42 were not 
detected (ULQ < 1.56 pg/mL for Aβ1–42 and ULQ < 7.81 pg/
mL for Aβ1–40). In addition, the mRNA expression of inflam-
mation markers, such as a marker of abnormal activation and 
proliferation of astrocytes, Gfap, a marker of microglial acti-
vation, Aif1, and pro-inflammatory cytokine interleukin-1 
beta (Il1b), was significantly increased in the brain cortex of 
5xFAD mice compared to WT controls (Fig. 1a–c).

Transporter Protein Expression in the Isolated 
Cerebral Microvessels and Brain Cortices of 5xFAD 
Mice

In the present study, absolute protein expressions of 
five ABC and thirteen SLC transporters were quanti-
fied in crude membrane fractions of the isolated cere-
bral microvessels of WT and 5xFAD mice. The purity 
and enrichment of the isolated cerebral microvessels 
were confirmed microscopically (Supplementary File 
1, Fig.  5). The protein expression of endothelial cell 
marker γ-Gtp in the crude membrane fractions of isolated 
brain microvessels in WT and 5xFAD mice was similar 

Fig. 1   Normalized fold mRNA expression of inflammation markers, 
such as a  glial fibrillary acidic protein (Gfap); b  allograft inflam-
matory factor 1 (Aif1); c  interleukin-1 beta (Il1b) in the brain pre-
frontal cortices of 5xFAD mice (n = 7) and wild-type (WT) control 
mice (n = 6). The normalization of gene expression was performed 

against the housekeeping gene glyceraldehyde‐3‐phosphate dehy-
drogenase (Gapdh). The data are expressed as mean ± SD. Asterisks 
denote a statistically significant difference from the respective control 
(***p < 0.005, **** < 0.001, unpaired t-test)
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(Table 1), whereas in the corresponding brain prefrontal 
cortical tissues, the protein expression was under limit of 
quantification (ULQ < 0.03 fmol/μg total protein), indi-
cating about comparable enrichment of the brain capillary 
endothelial cells over the brain prefrontal cortical tissue. 
Moreover, protein levels of the plasma membrane marker 
Na+/K+-ATPase in the crude membrane fractions of the 
isolated cerebral microvessels in both study groups did 
not differ (Table 1), demonstrating comparable enrich-
ment of obtained membrane fraction between the samples 
in both study groups. Thus, the observed differences in 
transporter protein expression reported below were not 
caused by the inter-sample differences in the purity of the 
extracted membrane fractions.

The present study did not reveal any significant 
changes in absolute protein expression levels of the inves-
tigated ABC transporters, such as Abcb1, Abcg2, Abcc1, 
Abcc4, and Abca1 (Table 1). Among SLC transporters, 
the mean protein expression of alanine/serine/cysteine/
threonine transporter (ASCT1) was more than twofold 
higher in the isolated brain microvessels of 5xFAD 
mice compared to WT animals (p = 0.01). In addition, 
the mean protein expression of 4F2 cell-surface antigen 
heavy chain (4F2hc) in isolated brain microvessels was 
1.4-fold higher in 5xFAD mice compared to WT animals 
(p = 0.05). The protein expression of large neutral amino 
acids transporter small subunit 1 (LAT1) in the isolated 
brain microvessels of 5xFAD mice was significantly 
lower than that in WT animals (p = 0.008) (Table 1). For 
other SLC transporters, i.e., facilitated glucose trans-
porter member 1 (GLUT1), long-chain fatty acid trans-
port protein 1 (FATP1), reduced folate transporter (RFC), 
monocarboxylate transporter 1 (MCT1), organic anion-
transporting polypeptides OATP1A4 and OATP1C1, 
organic anion transporter 3 (OAT3), and equilibrative 
nucleoside transporter 1 (ENT1), no significant differ-
ences in the mean protein expression levels between the 
5xFAD and WT mice were observed (Table 1). Protein 
expressions of high affinity cationic amino acid trans-
porter 1 (CAT-1) and organic cation transporter 1 (OCT1) 
were below the limit of quantification (Table 1).

Similar to the finding in the isolated brain microves-
sels, mean protein expression of ASCT1 in the crude 
membrane fraction of the brain prefrontal cortical tis-
sue of 5xFAD mice was 1.9-fold higher compared to WT 
animals (p = 0.01). The mean protein expression levels 
of other SLC transporters, i.e., GLUT1, 4F2hc, LAT1, 
and FATP1, as well as all investigated ABC transporters, 
did not differ between the study groups (Table 2). Pro-
tein expressions of CAT-1, MCT1, OCT1, OAT3, RFC, 
OATP1A4, OATP1C1, and ENT1 were below the limit of 
the quantification (Table 2).

Comparison of Alterations in Transporter Protein 
Expression in the Isolated Brain Capillaries of 5xFAD 
Mice Versus AD Patients and Across the AD Animal 
Models

In the present study, we compared the changes in abso-
lute protein expression of transporters in the isolated 
brain microvessels and brain prefrontal cortices of female 
8-month-old 5xFAD mice and corresponding WT control 
mice to those previously reported in AD patients [17] and 
other AD animal models [28, 29] (Tables 1 and 2; Fig. 2).

The comparison of changes in protein expression of 
transporters in the isolated brain microvessels between 
5xFAD mice and TgF344-AD rats versus corresponding 
WT control animals demonstrated TgF344-AD-rat-specific 
upregulation of Abcg2, Abcc1, and FATP1 expression and 
5xFAD-mouse-specific upregulation of ASCT1 and 4F2hc 
as well as LAT1 downregulation (Table 1). In general, the 
absolute protein expressions of several transporters, i.e., 
Abcg2, Abcc4, Abca1, ASCT1, GLUT1, ENT1, and OAT3, 
were more than twofold higher in 5xFAD mice compared 
to TgF344-AD rat model (Fig. 2a). Similar observations 
were found while comparing corresponding WT rat and 
WT mouse transporter expression in the isolated brain 
microvessels of the mentioned models (Fig. 2b), indicating 
rather interspecies differences in the protein expression of 
these transporters, than AD-model-specific changes. Inter-
estingly, FATP1 protein expression in the isolated microves-
sels was more than twice higher in TgF344-AD rat model 
compared to 5xFAD mice, while in corresponding WT rats, 
the expression of the protein was twice lower than in WT 
mice (Fig. 2a,b). These results confirm evidence for AD rat 
model-specific alterations in FATP1. The protein expres-
sion of some investigated transporters was under detection 
limits in mouse models (CAT1) and rat models (LAT1, RFC, 
MCT1, OATP1A4) limiting the comparison of the differ-
ences in expression of these transporters.

For evaluation of model-specific transporter pro-
tein expression alterations in the brain cortical tissue, 
we compared the changes in 5xFAD mice, TgF344-AD 
rats expressing mutant human APPsw and PS1ΔE9 genes 
[49], and APdE9 mice overexpressing the human APPsw 
and PS1ΔE9 mutations [50] versus corresponding age-
matched WT controls (Table 2). It should be pointed out 
that the comparison was done only for female animals, 
as the transporter expressions in mouse AD models have 
been reported for females, and previously, we have dem-
onstrated sex-specific alterations in protein expression 
in TgF344-AD rats [28]. The comparison of changes in 
protein expression revealed ASCT1 upregulation specific 
for 5xFAD mice (Table 2), which was not observed in 
TgF344-AD rats or studied in APdE9 mice. Similar to 
the expression in brain microvessels, the absolute protein 
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expression of some transporters such as Abcg2, Abcc1, 
Abca1, ASCT1, GLUT1, LAT1, and 4F2hc was more than 
twice higher in 5xFAD mice compared to TgF344-AD rat 
model (Fig. 3c). Among the mentioned transporters, the 
expression of ASCT1, LAT1, Abcg2, Abcc1, and Abca1 
in the brain prefrontal cortical tissues of correspond-
ing 8-month WT mice was more than double the protein 
expression levels in WT rats (Fig. 2d). These findings 
suggest inter-species differences in protein expression 
of ASCT1, LAT1, Abcg2, Abcc1, and Abca1 transport-
ers and model-specific differences in GLUT1 and 4F2hc. 
The protein expression of some investigated transporters 
was under detection limits in mouse models (OATP1A4, 
OATP1C1) and rat models (Abcc4) limiting the compari-
son of the differences in expression of these transporters.

The comparison of absolute protein expression levels 
of four ABC and two SLC transporters in the brain corti-
cal tissue of 8-month-old 5xFAD to another transgenic 
AD model, 16–17-month-old APdE9 mice, revealed only 
twice higher protein expression of Abcb1 in APdE9 mice 
compared to 5xFAD mice (Fig. 2e). The same difference in 
expression of the transporter was observed while compar-
ing the corresponding WT control groups indicating age-
dependent changes in Abcb1 protein expression (Fig. 2f).

The direct comparison of absolute protein expression 
of the transporters in the isolated brain microvessels of 
animal models to AD patients was not possible, as the 
methods used for membrane isolation in these studies 
were different. Thus, we compared the changes in pro-
tein expression levels in the isolated brain microvessels 
between mice (5xFAD mice vs. WT controls) and humans 
(sporadic AD patients vs. non-demented individuals) 
[17]. Thus, LAT1 downregulation in the isolated brain 
microvessels of 5xFAD mice was not observed in AD 
patients. The expression of upregulated ASCT1 and 4F2hc 
transporters in 5xFAD mice was not investigated in AD 
patients. The downregulation of the protein expression of 
MCT1 in the isolated brain microvessels of AD patients 
was not confirmed in 5xFAD mice.

Changes in Amino Acid Levels in the Brain 
and Plasma of 5xFAD Mice

As altered protein expressions of ASCT1 and LAT1 in 
the isolated brain microvessels of 5xFAD mice vs. WT 
controls were revealed in the present study, we measured 
brain prefrontal cortical and plasmatic concentrations of 
the substrates of these transporters in both study groups. 
The following amino acids were measured and compared 
between 5xFAD mice and WT controls: serine and alanine, 
as substrates of ASCT1 [51, 52]; and leucine, isoleucine, 
tyrosine, phenylalanine, and histidine, as substrates of LAT1 
[49]. As shown in Fig. 3a, serine brain concentrations were 
more than 20% higher in 5xFAD brains than in WT controls 
(p = 0.005). In addition, brain prefrontal cortical levels of 
phenylalanine and histidine were 13% (p = 0.003) and 30% 
(p = 0.0005) higher, respectively, in 5xFAD mice compared 
to WT animals. The concentrations of other amino acids in 
the brain prefrontal cortical tissue did not differ significantly 
between the study groups (Fig. 3a).

In the plasma, significantly increased levels of alanine 
(by 39%, p = 0.01), leucine (by 30%, p = 0.01), and pheny-
lalanine (by 16%, p = 0.05) were observed in 5xFAD mice 
compared to WT controls (Fig. 3b). The concentrations of 
serine, histidine, isoleucine, and tyrosine did not demon-
strate significant differences in the plasma of 5xFAD mice 
vs. WT controls (Fig. 3b).

Discussion

In the present study, we provided quantitative information 
about absolute protein expression of ABC and SLC trans-
porters in isolated brain microvessels and brain prefrontal 
cortical tissues of 5xFAD mice and age-matched WT ani-
mals, and compared the data to previously reported changes 
in AD patients and animal models. The study possesses sev-
eral important features such as (1) the transporter expression 
characterization of one of the most commonly used familial 
AD mouse model, 5xFAD, reproducing Aβ pathology and 
inflammation as confirmed in the present study; (2) investi-
gation of the transporter expression in both the isolated brain 
microvessels and the brain prefrontal cortices representing 
brain parenchyma in the same animals; (3) investigation 
of changes in the brain and plasmatic levels of the trans-
porter substrates, for which altered protein expression was 
observed, in the same animals; and (4) providing informa-
tion on quantitative absolute protein expression of the trans-
porters using the state-of-the-art highly selective, sensitive, 
and reproducible LC–MS/MS-based QTAP approach [30].

The study revealed significant alterations in protein 
expression of amino acid transporters at the NVU cells of 
5xFAD mice compared to WT controls. Thus, twice higher 

Fig. 2   Comparison of absolute protein expression levels of the trans-
porters in the crude membrane fraction of a isolated brain microves-
sels of TgF344-AD rats (n = 6) [28] versus 5xFAD mice from the 
present study (n = 6); b isolated brain microvessels of WT rats (n = 6) 
[28] versus 8-month-old WT mice from the present study (n = 6); 
c  the brain cortices of TgF344-AD rats (n = 8) [28] versus 5xFAD 
mice from the present study (n = 12); d the brain cortices of WT rats 
(n = 5) [28] versus 8-month-old WT mice from the present study 
(n = 14); e the brain cortices of female APdE9 mice (n = 4) [29] ver-
sus female 5xFAD mice from the present study (n = 12); f  the brain 
cortices of female 8-month-old WT mice (n = 5) from the present 
study versus female 16–17-month-old WT mice (n = 14) [29]. The 
top and bottom dashed lines represent a twofold higher or lower pro-
tein expression, respectively, between the studied groups. Data are 
expressed as mean ± SD

◂
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Fig. 3   a  Relative comparison of amino acid concentrations in the 
brain prefrontal cortices of 5xFAD mice (n = 9) and WT controls 
(n = 9). b  Relative comparison of amino acid concentrations in the 
plasma of 5xFAD mice (n = 9) and WT controls (n = 9). The data 

are expressed as mean ± SD. Asterisks denote a statistically sig-
nificant difference from the respective control (* < 0.05, ** < 0.01, 
***p < 0.005, unpaired t-test)
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expression of alanine/serine/cysteine/threonine transporter 
1 (ASCT1, encoded by Slc1a4), a Na+-dependent neutral 
amino acid transporter [53, 54], was found in both isolated 
brain microvessels and brain cortical tissue of 5xFAD mice 
compared to WT controls. Although ASCT1 protein expres-
sion was reported in the isolated human brain microvessels 
[55], capillary endothelial cells of embryonic and neonatal 
mouse brains [52], and rodent astrocytes and neurons [51, 
56, 57], alterations in ASCT1 expression and function in 
the NVU cells in AD patients have not been investigated. 
In our previous study in the rat model of AD, TgF344-AD 
rats, we had not observed any changes in transporter expres-
sion in the isolated brain microvessels and brain cortices 
as compared to age-matched WT controls [28] indicating 
that changes in ASCT1 protein expression in the NVU are 
model-specific.

ASCT1 is responsible for the efflux of L-serine and other 
neutral amino acids from astrocytes [51, 52]. Consequently, 
L-serine is transported into neurons via a currently uniden-
tified transporter(s), and metabolized to D-serine by serine 
racemase [58]. ASCT1 mediates efflux of D-serine, a high 
affinity substrate, from neurons to extracellular space [59, 
60], where D-serine binds to N-methyl-D-aspartate (NMDA) 
receptors playing a key role in neurodevelopment, synap-
tic plasticity, learning, and memory [61]. The activation of 
NMDA receptors in AD has been shown to be implicated in 
leading to synaptic dysfunction [62]. D-serine levels were 
elevated in the brain cortex, hippocampus, and cerebrospinal 
fluid of probable AD patients compared to non-cognitively 
impaired subjects as well as APP/PS1 transgenic mice [63]. 
Interestingly, in the present study, along with upregulation 
of ASCT1 in the brain microvessels and brain prefrontal 
cortical tissue, we observed significantly higher levels of 
serine in the brain, but not in plasma, providing evidence of 
association of enhanced serine brain levels due to ASCT1 
transporter upregulation. However, as in this study, we could 
not differentiate between L- and D-serine; further mechanis-
tic research is required to confirm this hypothesis. The brain 
levels of another ASCT1 substrate, alanine, were the same 
in 5xFAD mice and WT controls. These findings can be 
explained by the fact that alanine is known to be a substrate 
of multiple amino acid transporters [64], such as B0AT2 
(encoded by SLC6A15) and LAT2 (encoded by SLC7A8) 
mediating its uptake to neurons and astrocytes [65]. Overall, 
these findings provide the first evidence for the involvement 
of ASCT1 in AD pathogenesis and open new horizons for 
investigation of perturbations in ASCT1-related pathways 
in AD.

The protein expression of large neutral amino acids trans-
porter small subunit 1 (LAT1, encoded by Slc7a5) was sig-
nificantly decreased, while the expression of heavy chain 
subunit 4F2hc (encoded by Slc3a2) was elevated in the iso-
lated brain microvessels of 5xFAD mice compared to WT 

controls. The light chain subunit (LAT1, SLC7A5/Slc7a5) 
is a functional subunit, which mediates Na+- and pH-inde-
pendent exchange of large branched-chain and aromatic neu-
tral amino acids such as leucine, isoleucine, phenylalanine, 
tyrosine, histidine in antiport with histidine and tyrosine [66, 
67]. It is covalently linked to a heavy chain subunit (4F2hc, 
SLC3A2/Slc3a2), a glycoprotein that acts as a molecular 
chaperone localizing LAT1 and other amino acid transport-
ers at the plasma membrane [68–70]. Moreover, 4F2hc plays 
a role in the processes of cell survival and integrin acti-
vation. In a QTAP study investigating the absolute protein 
expression of LAT1 in isolated brain capillaries in sporadic 
AD patients and non-demented subjects, no differences in 
LAT1 expression were found between the groups [17]. LAT1 
protein expression and function did not differ in WT astro-
cytes with and without lipopolysaccharide (LPS) treatment 
as well as in transgenic APP/PS1 astrocytes treated with 
LPS [44]. Similar to the findings of this study, no changes 
in expression of LAT1 in the brain cortical tissue of APdE9 
mice compared to age-matched WT controls were observed 
[29]. As LAT1 is responsible for the transport of amino acids 
across the BBB and within the brain, the changes in the 
transporter expression and functionality can affect amino 
acid homeostasis. In 5xFAD mice, despite a decreased 
expression of LAT1 in the isolated brain microvessels, we 
observed increased brain levels of phenylalanine and histi-
dine as compared to WT controls. In AD patients, elevated 
phenylalanine brain levels but diminished histidine brain lev-
els were previously reported [71, 72]. The increase in brain 
phenylalanine concentration could be explained by elevated 
plasma concentrations of the amino acid in 5xFAD mice. 
However, overall, the results of amino acid analysis do not 
provide direct evidence of changes in LAT1 function in the 
isolated brain microvessels of 5xFAD mice. As LAT1 is an 
extensively used transporter for the development of brain 
drug delivery strategies [73], future studies should elucidate 
whether decreased expression of LAT1 in the isolated brain 
microvessels of 5xFAD mice reflects the transporter func-
tionality. The changes in LAT1 functionality might result 
in decreased drug delivery to the brain via LAT1 and lower 
drug exposure while testing new drug candidates targeting 
LAT1 in 5xFAD mice.

The changes in 4F2hc expression and function in AD 
patients have not been investigated. In our previous report, 
no changes in 4F2hc protein expression in the isolated brain 
microvessels of TgF344-AD rats were found when compared 
to WT controls [28]. In 5xFAD mice, we observed increased 
protein expression of 4F2hc in the isolated brain microves-
sels compared to WT mice indicating model-specific 
changes in 4F2hc protein expression in the brain microves-
sels. Interestingly, in the brain cortex of TgF344-AD rats, 
4F2hc protein expression was upregulated in male animals 
compared to WT controls, but not in female rats [28]. In the 
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present study, we investigated changes in transporter protein 
expression only in female mice, for which no differences in 
4F2hc protein expression in the brain prefrontal cortex of 
5xFAD and WT animals were observed, which is consist-
ent with the findings in TgF344-AD female rats. However, 
it is important to further investigate sex-specific changes in 
4F2hc expression and function in AD.

Interestingly, we have not observed changes in protein 
expression of other investigated SLC transporters as well 
as ABC transporters in the NVU cells of 5xFAD mice, 
while altered expression of FATP1, Abcg2, and Abcc1 in 
the isolated brain microvessels of TgF344-AD rats com-
pared to WT controls was reported in our previous study 
[28]. Although both TgF344-AD rat and 5xFAD mouse 
models were designed to reproduce Aβ pathology, the mod-
els have different phenotypic characteristics. For example, 
TgF344-AD rats are characterized by the development of 
cerebral amyloid angiopathy, which might cause additional 
alterations in transporter expression in the NVU cells [28]. 
Moreover, in 5xFAD mice, no changes in MCT1 protein 
expression in the NVU cells were revealed, while signifi-
cantly lower expression of the transporter, which mediates 
lactate trafficking among neural cells, was reported in the 
isolated brain capillaries from AD patients compared to 
non-demented subjects [17]. These findings demonstrate 
model-specific changes in the expression of transporters in 
the NVU cells and highlight the importance of selection of 
appropriate AD animal models, which represents the phe-
notype fulfilling the aims of a study as a crucial part of AD 
drug development.

Overall, we found model-specific changes in protein 
expression of amino acid transporters in isolated brain 
microvessels. Moreover, changes in transporter protein 
expression in the isolated brain microvessels observed in 
our study did not always represent the changes reported 
in sporadic AD patients [17]. These discrepancies can be 
explained by the fact that 5xFAD mice reproduce a simpli-
fied AD phenotype based on AD-related histopathological 
lesions and the utilization of FAD-associated genetic muta-
tions. Moreover, as transporter protein expression changes 
can be dependent on AD stage and brain region, which were 
not reported for AD patients [17], one should consider the 
comparison to human performed in our study with caution. 
Therefore, future studies should address investigation of 
expression and function of transporters in patients at differ-
ent stages of AD in order to identify which particular animal 
model represents such changes, in order to provide better 
translation of preclinical data to humans.

Some additional limitations and future perspectives 
should be discussed. First of all, the study focused on the 
investigation of changes in transporter protein expression 
in female mice, while we previously demonstrated evidence 
for sex-specific changes in transporter protein expression in 

the AD rat model [28]. Thus, future studies should address 
investigating sex-specific alterations while characterizing 
AD animal models. In addition, although the isolated brain 
microvessels mainly consist of the brain endothelial cells, 
some fractions of the NVU cells such as pericytes can also 
be present. Therefore, the changes observed in the brain 
microvessels do not fully represent the BBB, but a combi-
nation of the NVU cells. Moreover, as the total fraction of 
the brain capillary endothelial cells in the brain is negligible 
(0.1%) [74], we assumed that the changes in transporter pro-
tein expression observed in the brain cortical tissues repre-
sent the alterations in the combined populations of the brain 
parenchymal cells. However, further studies are required to 
investigate transporter expression and functional changes 
in individual brain parenchymal cell populations. Moreo-
ver, in our study, we could not differentiate between L- and 
D-isomers of amino acids, which makes it difficult to draw 
a conclusion about the perturbations in specific pathways 
involving the transporters. Finally, although we observed 
alterations in expression of ASCT1, LAT1, and 4F2hc in the 
isolated brain microvessels of 5xFAD mice, future studies 
should focus on determination of the changes in function-
ality of these transporters using in situ brain perfusion or 
cerebral microdialysis techniques as well as identification 
of specific molecular mechanisms underlying these changes.

In conclusion, we quantified absolute protein expression 
of ABC and SLC transporters in the isolated brain microves-
sels and the brain prefrontal cortices of 5xFAD mouse model 
and age-matched WT controls using LC–MS/MS-based 
QTAP approach. Here, we revealed significant upregulation 
of ASCT1 transporter in both isolated brain microvessels 
and brain prefrontal cortices of 5xFAD mice. These findings, 
along with the elevated brain levels of ASCT1 substrate, 
serine, provide evidence of the involvement of this amino 
acid transporter in AD pathogenesis. Importantly, we found 
altered protein expressions of other amino acid transporters 
such as LAT1 and 4F2hc in the isolated brain microvessels 
of 5xFAD mice, as well as changes in the brain levels of 
LAT1 substrates, phenylalanine and histidine. As LAT1 is 
extensively investigated as a target for drug delivery to the 
brain, the present study provides important information for 
optimal use of the 5xFAD model while testing new drug 
delivery strategies. All in all, the study gives insights not 
only into the potential role of the transporters in molecu-
lar mechanisms underlying AD, but into the optimal use of 
the 5xFAD mouse model during AD drug development and 
investigation of drug delivery strategies in AD.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12035-​022-​03111-y.

Acknowledgements  The authors thank Ms. Miia Reponen, Ms. Lisa 
Postelt, and Ms. Julia Schroth for technical assistance and Dr. Moritz 
Pohl for statistical support.

1 3

745

https://doi.org/10.1007/s12035-022-03111-y


Molecular Neurobiology  (2023) 60:732–748

Author Contribution  Elena Puris: conceptualization, methodology, 
validation, formal analysis, investigation, resources, data curation, writ-
ing—original draft, writing—review and editing, visualization, super-
vision, project administration, funding acquisition. Liudmila Saveleva: 
formal analysis, investigation, writing—review and editing; Izaque de 
Sousa Maciel: formal analysis, investigation, writing—review and edit-
ing; Katja M. Kanninen: methodology, investigation, resources, writ-
ing—review and editing; Seppo Auriola: methodology, investigation, 
resources, writing—review and editing. Gert Fricker: conceptualiza-
tion, resources, writing—review and editing.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The present study was supported by the Alexander von Hum-
boldt Foundation (Postdoctoral Fellowship Award to E.P.), the Alzhei-
mer Forschung Initiative e.V. (International Training grant to E.P.). The 
School of Pharmacy mass spectrometry laboratory at the University 
of Eastern Finland is supported by Biocenter Finland and Biocenter 
Kuopio.

Data Availability  The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Ethics Approval  The animal experiments complied with the ARRIVE 
guidelines and were conducted according to EU Directive 2010/63/EU 
for animal experiments. The approval for all the experiments (licence 
number ESAVI-2018–012856) was obtained from the Animal Experi-
ment Board in Finland (Regional State Administrative Agency of 
Southern Finland).

Consent to Participate  Not applicable

Consent for Publication  All authors have read and approved the sub-
mission of the manuscript.

Conflict of Interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Guo T, Zhang D, Zeng Y, Huang TY, Xu H, Zhao Y (2020) 
Molecular and cellular mechanisms underlying the pathogenesis 
of Alzheimer’s disease. Mol Neurodegener 15(1):40. https://​doi.​
org/​10.​1186/​s13024-​020-​00391-7

	 2.	 Zlokovic BV (2011) Neurovascular pathways to neurodegenera-
tion in Alzheimer’s disease and other disorders. Nat Rev Neurosci 
12(12):723–738. https://​doi.​org/​10.​1038/​nrn31​14

	 3.	 Kadry H, Noorani B, Cucullo L (2020) A blood-brain barrier 
overview on structure, function, impairment, and biomarkers of 

integrity. Fluids Barriers CNS 17(1):69. https://​doi.​org/​10.​1186/​
s12987-​020-​00230-3

	 4.	 Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ 
(2010) Structure and function of the blood-brain barrier. Neuro-
biol Dis 37(1):13–25. https://​doi.​org/​10.​1016/j.​nbd.​2009.​07.​030

	 5.	 Pereira CD, Martins F, Wiltfang J, da Cruz ESOAB, Rebelo S 
(2018) ABC transporters are key players in Alzheimer’s dis-
ease. J Alzheimers Dis 61(2):463–485. https://​doi.​org/​10.​3233/​
JAD-​170639

	 6.	 Jia Y, Wang N, Zhang Y, Xue D, Lou H, Liu X (2020) Altera-
tion in the function and expression of SLC and ABC transporters 
in the neurovascular unit in Alzheimer’s disease and the clinical 
significance. Aging Dis 11(2):390–404. https://​doi.​org/​10.​14336/​
AD.​2019.​0519

	 7.	 Chai AB, Leung GKF, Callaghan R, Gelissen IC (2020) P-gly-
coprotein: a role in the export of amyloid-beta in Alzheimer’s 
disease? FEBS J 287(4):612–625. https://​doi.​org/​10.​1111/​febs.​
15148

	 8.	 van Assema DM, Lubberink M, Bauer M, van der Flier WM, Schuit 
RC, Windhorst AD, Comans EF, Hoetjes NJ et al (2012) Blood-
brain barrier P-glycoprotein function in Alzheimer’s disease. Brain 
135(Pt 1):181–189. https://​doi.​org/​10.​1093/​brain/​awr298

	 9.	 Furst AJ, Lal RA (2011) Amyloid-beta and glucose metabolism 
in Alzheimer’s disease. J Alzheimers Dis 26(Suppl 3):105–116. 
https://​doi.​org/​10.​3233/​JAD-​2011-​0066

	10.	 Lyros E, Bakogiannis C, Liu Y, Fassbender K (2014) Molecular 
links between endothelial dysfunction and neurodegeneration in 
Alzheimer’s disease. Curr Alzheimer Res 11(1):18–26. https://​
doi.​org/​10.​2174/​15672​05010​66613​11192​35254

	11.	 Czapiga M, Colton CA (2003) Microglial function in human 
APOE3 and APOE4 transgenic mice: altered arginine transport. 
J Neuroimmunol 134(1–2):44–51. https://​doi.​org/​10.​1016/​s0165-​
5728(02)​00394-6

	12.	 Robinson N, Grabowski P, Rehman I (2018) Alzheimer’s disease 
pathogenesis: is there a role for folate? Mech Ageing Dev 174:86–
94. https://​doi.​org/​10.​1016/j.​mad.​2017.​10.​001

	13.	 Ochiai Y, Uchida Y, Tachikawa M, Couraud PO, Terasaki T 
(2019) Amyloid beta25-35 impairs docosahexaenoic acid efflux by 
down-regulating fatty acid transport protein 1 (FATP1/SLC27A1) 
protein expression in human brain capillary endothelial cells. J 
Neurochem 150(4):385–401. https://​doi.​org/​10.​1111/​jnc.​14722

	14.	 Dobryakova YV, Volobueva MN, Manolova AO, Medvedeva TM, 
Kvichansky AA, Gulyaeva NV, Markevich VA, Stepanichev MY 
et al (2019) Cholinergic deficit induced by central administration 
of 192IgG-saporin is associated with activation of microglia and 
cell loss in the dorsal hippocampus of rats. Front Neurosci 13:146. 
https://​doi.​org/​10.​3389/​fnins.​2019.​00146

	15.	 Wittmann G, Szabon J, Mohacsik P, Nouriel SS, Gereben B, 
Fekete C, Lechan RM (2015) Parallel regulation of thyroid hor-
mone transporters OATP1c1 and MCT8 during and after endo-
toxemia at the blood-brain barrier of male rodents. Endocrinology 
156(4):1552–1564. https://​doi.​org/​10.​1210/​en.​2014-​1830

	16.	 Roostaei T, Nazeri A, Felsky D, De Jager PL, Schneider JA, Pol-
lock BG, Bennett DA, Voineskos AN et al (2017) Genome-wide 
interaction study of brain beta-amyloid burden and cognitive 
impairment in Alzheimer’s disease. Mol Psychiatry 22(2):287–
295. https://​doi.​org/​10.​1038/​mp.​2016.​35

	17.	 Al-Majdoub ZM, Al Feteisi H, Achour B, Warwood S, Neuhoff S, 
Rostami-Hodjegan A, Barber J (2019) Proteomic quantification of 
human blood-brain barrier SLC and ABC transporters in healthy 
individuals and dementia patients. Mol Pharm 16(3):1220–1233. 
https://​doi.​org/​10.​1021/​acs.​molph​armac​eut.​8b011​89

	18.	 Kim MH, Maeng HJ, Yu KH, Lee KR, Tsuruo T, Kim DD, Shim 
CK, Chung SJ (2010) Evidence of carrier-mediated transport 
in the penetration of donepezil into the rat brain. J Pharm Sci 
99(3):1548–1566. https://​doi.​org/​10.​1002/​jps.​21895

1 3

746

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s13024-020-00391-7
https://doi.org/10.1186/s13024-020-00391-7
https://doi.org/10.1038/nrn3114
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.3233/JAD-170639
https://doi.org/10.3233/JAD-170639
https://doi.org/10.14336/AD.2019.0519
https://doi.org/10.14336/AD.2019.0519
https://doi.org/10.1111/febs.15148
https://doi.org/10.1111/febs.15148
https://doi.org/10.1093/brain/awr298
https://doi.org/10.3233/JAD-2011-0066
https://doi.org/10.2174/1567205010666131119235254
https://doi.org/10.2174/1567205010666131119235254
https://doi.org/10.1016/s0165-5728(02)00394-6
https://doi.org/10.1016/s0165-5728(02)00394-6
https://doi.org/10.1016/j.mad.2017.10.001
https://doi.org/10.1111/jnc.14722
https://doi.org/10.3389/fnins.2019.00146
https://doi.org/10.1210/en.2014-1830
https://doi.org/10.1038/mp.2016.35
https://doi.org/10.1021/acs.molpharmaceut.8b01189
https://doi.org/10.1002/jps.21895


Molecular Neurobiology  (2023) 60:732–748

	19.	 Spieler D, Namendorf C, Namendorf T, von Cube M, Uhr M 
(2020) Donepezil, a cholinesterase inhibitor used in Alzheimer’s 
disease therapy, is actively exported out of the brain by abcb1ab 
p-glycoproteins in mice. J Psychiatr Res 124:29–33. https://​doi.​
org/​10.​1016/j.​jpsyc​hires.​2020.​01.​012

	20.	 Lee NY, Kang YS (2010) The inhibitory effect of rivastigmine 
and galantamine on choline transport in brain capillary endothelial 
cells. Biomol Ther 18(1):65–70. https://​doi.​org/​10.​4062/​biomo​
lther.​2010.​18.1.​065

	21.	 Mehta DC, Short JL, Nicolazzo JA (2013) Memantine transport 
across the mouse blood-brain barrier is mediated by a cationic 
influx H+ antiporter. Mol Pharm 10(12):4491–4498. https://​doi.​
org/​10.​1021/​mp400​316e

	22.	 van der Flier WM, Pijnenburg YA, Fox NC, Scheltens P (2011) 
Early-onset versus late-onset Alzheimer’s disease: the case of the 
missing APOE varepsilon4 allele. Lancet Neurol 10(3):280–288. 
https://​doi.​org/​10.​1016/​S1474-​4422(10)​70306-9

	23.	 Hinz FI, Geschwind DH (2017) Molecular genetics of neuro-
degenerative dementias. Cold Spring Harb Perspect Biol 9 (4). 
https://​doi.​org/​10.​1101/​cshpe​rspect.​a0237​05

	24.	 Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, Guillozet-
Bongaarts A, Ohno M et al (2006) Intraneuronal beta-amyloid 
aggregates, neurodegeneration, and neuron loss in transgenic mice 
with five familial Alzheimer’s disease mutations: potential factors 
in amyloid plaque formation. J Neurosci 26(40):10129–10140. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1202-​06.​2006

	25.	 Shin J, Park S, Lee H, Kim Y (2021) Thioflavin-positive tau 
aggregates complicating quantification of amyloid plaques in the 
brain of 5XFAD transgenic mouse model. Sci Rep 11(1):1617. 
https://​doi.​org/​10.​1038/​s41598-​021-​81304-6

	26.	 Forner S, Kawauchi S, Balderrama-Gutierrez G, Kramar EA, 
Matheos DP, Phan J, Javonillo DI, Tran KM et al (2021) Sys-
tematic phenotyping and characterization of the 5xFAD mouse 
model of Alzheimer’s disease. Sci Data 8(1):270. https://​doi.​org/​
10.​1038/​s41597-​021-​01054-y

	27.	 Shukla V, Zheng YL, Mishra SK, Amin ND, Steiner J, Grant P, 
Kesavapany S, Pant HC (2013) A truncated peptide from p35, 
a Cdk5 activator, prevents Alzheimer’s disease phenotypes in 
model mice. FASEB J 27(1):174–186. https://​doi.​org/​10.​1096/​fj.​
12-​217497

	28.	 Puris E, Auriola S, Petralla S, Hartman R, Gynther M, de Lange 
ECM, Fricker G (2022) Altered protein expression of membrane 
transporters in isolated cerebral microvessels and brain cortex of a 
rat Alzheimer’s disease model. Neurobiol Dis 169:105741. https://​
doi.​org/​10.​1016/j.​nbd.​2022.​105741

	29.	 Puris E, Auriola S, Korhonen P, Loppi S, Kanninen KM, Malm T, 
Koistinaho J, Gynther M (2021) Systemic inflammation induced 
changes in protein expression of ABC transporters and ionotropic 
glutamate receptor subunit 1 in the cerebral cortex of familial 
Alzheimer’s disease mouse model. J Pharm Sci. https://​doi.​org/​
10.​1016/j.​xphs.​2021.​08.​013

	30.	 Aebersold R, Burlingame AL, Bradshaw RA (2013) Western blots 
versus selected reaction monitoring assays: time to turn the tables? 
Mol Cell Proteomics 12(9):2381–2382. https://​doi.​org/​10.​1074/​
mcp.​E113.​031658

	31.	 Pan Y, Omori K, Ali I, Tachikawa M, Terasaki T, Brouwer KLR, 
Nicolazzo JA (2018) Altered expression of small intestinal drug 
transporters and hepatic metabolic enzymes in a mouse model 
of familial Alzheimer’s disease. Mol Pharm 15(9):4073–4083. 
https://​doi.​org/​10.​1021/​acs.​molph​armac​eut.​8b005​00

	32.	 Pan Y, Omori K, Ali I, Tachikawa M, Terasaki T, Brouwer KLR, 
Nicolazzo JA (2019) Increased expression of renal drug transport-
ers in a mouse model of familial Alzheimer’s disease. J Pharm Sci 
108(7):2484–2489. https://​doi.​org/​10.​1016/j.​xphs.​2019.​02.​016

	33.	 Storelli F, Billington S, Kumar AR, Unadkat JD (2021) Abun-
dance of P-glycoprotein and other drug transporters at the human 

blood-brain barrier in Alzheimer’s disease: a quantitative targeted 
proteomic study. Clin Pharmacol Ther 109(3):667–675. https://​
doi.​org/​10.​1002/​cpt.​2035

	34.	 Sato R, Ohmori K, Umetsu M, Takao M, Tano M, Grant G, Porter 
B, Bet A et al (2021) An atlas of the quantitative protein expres-
sion of anti-epileptic-drug transporters, metabolizing enzymes 
and tight junctions at the blood-brain barrier in epileptic patients. 
Pharmaceutics 13 (12). https://​doi.​org/​10.​3390/​pharm​aceut​ics13​
122122

	35.	 Uchida Y, Yagi Y, Takao M, Tano M, Umetsu M, Hirano S, 
Usui T, Tachikawa M et al (2020) Comparison of absolute pro-
tein abundances of transporters and receptors among blood-
brain barriers at different cerebral regions and the blood-spinal 
cord barrier in humans and rats. Mol Pharm 17(6):2006–2020. 
https://​doi.​org/​10.​1021/​acs.​molph​armac​eut.​0c001​78

	36.	 Jawhar S, Trawicka A, Jenneckens C, Bayer TA, Wirths O 
(2012) Motor deficits, neuron loss, and reduced anxiety coincid-
ing with axonal degeneration and intraneuronal Abeta aggrega-
tion in the 5XFAD mouse model of Alzheimer’s disease. Neuro-
biol Aging 33(1):196 e129–140. https://​doi.​org/​10.​1016/j.​neuro​
biola​ging.​2010.​05.​027

	37.	 Nebel RA, Aggarwal NT, Barnes LL, Gallagher A, Goldstein 
JM, Kantarci K, Mallampalli MP, Mormino EC et al (2018) 
Understanding the impact of sex and gender in Alzheimer’s 
disease: a call to action. Alzheimers Dement 14(9):1171–1183. 
https://​doi.​org/​10.​1016/j.​jalz.​2018.​04.​008

	38.	 Taylor SC, Nadeau K, Abbasi M, Lachance C, Nguyen M, Fen-
rich J (2019) The ultimate qPCR experiment: producing publica-
tion quality, reproducible data the first time. Trends Biotechnol 
37(7):761–774. https://​doi.​org/​10.​1016/j.​tibte​ch.​2018.​12.​002

	39.	 Hoshi Y, Uchida Y, Tachikawa M, Inoue T, Ohtsuki S, Terasaki T 
(2013) Quantitative atlas of blood-brain barrier transporters, recep-
tors, and tight junction proteins in rats and common marmoset. J 
Pharm Sci 102(9):3343–3355. https://​doi.​org/​10.​1002/​jps.​23575

	40.	 Cornford EM, Hyman S (2005) Localization of brain endothelial lumi-
nal and abluminal transporters with immunogold electron microscopy. 
NeuroRx 2(1):27–43. https://​doi.​org/​10.​1602/​neuro​rx.2.​1.​27

	41.	 Uchida Y, Ohtsuki S, Katsukura Y, Ikeda C, Suzuki T, Kamiie J, 
Terasaki T (2011) Quantitative targeted absolute proteomics of 
human blood-brain barrier transporters and receptors. J Neurochem 
117(2):333–345. https://​doi.​org/​10.​1111/j.​1471-​4159.​2011.​07208.x

	42.	 Gynther M, Proietti Silvestri I, Hansen JC, Hansen KB, Malm T, 
Ishchenko Y, Larsen Y, Han L et al (2017) Augmentation of anti-
cancer drug efficacy in murine hepatocellular carcinoma cells by 
a peripherally acting competitive N-methyl-d-aspartate (NMDA) 
receptor antagonist. J Med Chem 60(23):9885–9904. https://​doi.​
org/​10.​1021/​acs.​jmedc​hem.​7b016​24

	43.	 Puris E, Gynther M, de Lange ECM, Auriola S, Hammarlund-
Udenaes M, Huttunen KM, Loryan I (2019) Mechanistic study on 
the use of the l-type amino acid transporter 1 for brain intracel-
lular delivery of ketoprofen via prodrug: a novel approach sup-
porting the development of prodrugs for intracellular targets. Mol 
Pharm 16(7):3261–3274. https://​doi.​org/​10.​1021/​acs.​molph​armac​
eut.​9b005​02

	44.	 Gynther M, Puris E, Peltokangas S, Auriola S, Kanninen KM, 
Koistinaho J, Huttunen KM, Ruponen M et al (2018) Alzheimer’s 
disease phenotype or inflammatory insult does not alter function 
of L-type amino acid transporter 1 in mouse blood-brain barrier 
and primary astrocytes. Pharm Res 36(1):17. https://​doi.​org/​10.​
1007/​s11095-​018-​2546-7

	45.	 Yuan M, Breitkopf SB, Yang X, Asara JM (2012) A positive/
negative ion-switching, targeted mass spectrometry-based metab-
olomics platform for bodily fluids, cells, and fresh and fixed tissue. 
Nat Protoc 7(5):872–881. https://​doi.​org/​10.​1038/​nprot.​2012.​024

	46.	 Puris E, Kouril S, Najdekr L, Loppi S, Korhonen P, Kanninen KM, 
Malm T, Koistinaho J et al (2021) Metabolomic and lipidomic 

1 3

747

https://doi.org/10.1016/j.jpsychires.2020.01.012
https://doi.org/10.1016/j.jpsychires.2020.01.012
https://doi.org/10.4062/biomolther.2010.18.1.065
https://doi.org/10.4062/biomolther.2010.18.1.065
https://doi.org/10.1021/mp400316e
https://doi.org/10.1021/mp400316e
https://doi.org/10.1016/S1474-4422(10)70306-9
https://doi.org/10.1101/cshperspect.a023705
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1038/s41598-021-81304-6
https://doi.org/10.1038/s41597-021-01054-y
https://doi.org/10.1038/s41597-021-01054-y
https://doi.org/10.1096/fj.12-217497
https://doi.org/10.1096/fj.12-217497
https://doi.org/10.1016/j.nbd.2022.105741
https://doi.org/10.1016/j.nbd.2022.105741
https://doi.org/10.1016/j.xphs.2021.08.013
https://doi.org/10.1016/j.xphs.2021.08.013
https://doi.org/10.1074/mcp.E113.031658
https://doi.org/10.1074/mcp.E113.031658
https://doi.org/10.1021/acs.molpharmaceut.8b00500
https://doi.org/10.1016/j.xphs.2019.02.016
https://doi.org/10.1002/cpt.2035
https://doi.org/10.1002/cpt.2035
https://doi.org/10.3390/pharmaceutics13122122
https://doi.org/10.3390/pharmaceutics13122122
https://doi.org/10.1021/acs.molpharmaceut.0c00178
https://doi.org/10.1016/j.neurobiolaging.2010.05.027
https://doi.org/10.1016/j.neurobiolaging.2010.05.027
https://doi.org/10.1016/j.jalz.2018.04.008
https://doi.org/10.1016/j.tibtech.2018.12.002
https://doi.org/10.1002/jps.23575
https://doi.org/10.1602/neurorx.2.1.27
https://doi.org/10.1111/j.1471-4159.2011.07208.x
https://doi.org/10.1021/acs.jmedchem.7b01624
https://doi.org/10.1021/acs.jmedchem.7b01624
https://doi.org/10.1021/acs.molpharmaceut.9b00502
https://doi.org/10.1021/acs.molpharmaceut.9b00502
https://doi.org/10.1007/s11095-018-2546-7
https://doi.org/10.1007/s11095-018-2546-7
https://doi.org/10.1038/nprot.2012.024


Molecular Neurobiology  (2023) 60:732–748

changes triggered by lipopolysaccharide-induced systemic inflam-
mation in transgenic APdE9 mice. Sci Rep 11(1):13076. https://​
doi.​org/​10.​1038/​s41598-​021-​92602-4

	47.	 Klavus A, Kokla M, Noerman S, Koistinen VM, Tuomainen M, 
Zarei I, Meuronen T, Hakkinen MR et al (2020) "notame": work-
flow for non-targeted LC-MS metabolic profiling. Metabolites 
10(4). https://​doi.​org/​10.​3390/​metab​o1004​0135

	48.	 Purwaha P, Lorenzi PL, Silva LP, Hawke DH, Weinstein JN 
(2014) Targeted metabolomic analysis of amino acid response to 
L-asparaginase in adherent cells. Metabolomics 10(5):909–919. 
https://​doi.​org/​10.​1007/​s11306-​014-​0634-1

	49.	 Cohen RM, Rezai-Zadeh K, Weitz TM, Rentsendorj A, Gate D, 
Spivak I, Bholat Y, Vasilevko V et al (2013) A transgenic Alzhei-
mer rat with plaques, tau pathology, behavioral impairment, oli-
gomeric abeta, and frank neuronal loss. J Neurosci 33(15):6245–
6256. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​3672-​12.​2013

	50.	 Jankowsky JL, Fadale DJ, Anderson J, Xu GM, Gonzales V, Jen-
kins NA, Copeland NG, Lee MK et al (2004) Mutant presenilins 
specifically elevate the levels of the 42 residue beta-amyloid pep-
tide in vivo: evidence for augmentation of a 42-specific gamma 
secretase. Hum Mol Genet 13(2):159–170. https://​doi.​org/​10.​
1093/​hmg/​ddh019

	51.	 Kaplan E, Zubedat S, Radzishevsky I, Valenta AC, Rechnitz O, 
Sason H, Sajrawi C, Bodner O et al (2018) ASCT1 (Slc1a4) trans-
porter is a physiologic regulator of brain d-serine and neurodevel-
opment. Proc Natl Acad Sci U S A 115(38):9628–9633. https://​
doi.​org/​10.​1073/​pnas.​17226​77115

	52.	 Sakai K, Shimizu H, Koike T, Furuya S, Watanabe M (2003) Neu-
tral amino acid transporter ASCT1 is preferentially expressed in 
L-Ser-synthetic/storing glial cells in the mouse brain with transient 
expression in developing capillaries. J Neurosci 23(2):550–560

	53.	 Arriza JL, Kavanaugh MP, Fairman WA, Wu YN, Murdoch 
GH, North RA, Amara SG (1993) Cloning and expression of 
a human neutral amino acid transporter with structural simi-
larity to the glutamate transporter gene family. J Biol Chem 
268(21):15329–15332

	54.	 Shafqat S, Tamarappoo BK, Kilberg MS, Puranam RS, McNa-
mara JO, Guadano-Ferraz A, Fremeau RT Jr (1993) Cloning and 
expression of a novel Na(+)-dependent neutral amino acid trans-
porter structurally related to mammalian Na+/glutamate cotrans-
porters. J Biol Chem 268(21):15351–15355

	55.	 Shawahna R, Uchida Y, Decleves X, Ohtsuki S, Yousif S, Dauchy 
S, Jacob A, Chassoux F et al (2011) Transcriptomic and quanti-
tative proteomic analysis of transporters and drug metabolizing 
enzymes in freshly isolated human brain microvessels. Mol Pharm 
8(4):1332–1341. https://​doi.​org/​10.​1021/​mp200​129p

	56.	 Weiss MD, Derazi S, Kilberg MS, Anderson KJ (2001) Ontogeny 
and localization of the neutral amino acid transporter ASCT1 in 
rat brain. Brain Res Dev Brain Res 130(2):183–190. https://​doi.​
org/​10.​1016/​s0165-​3806(01)​00250-4

	57.	 Yamamoto T, Nishizaki I, Nukada T, Kamegaya E, Furuya S, 
Hirabayashi Y, Ikeda K, Hata H et al (2004) Functional identifi-
cation of ASCT1 neutral amino acid transporter as the predomi-
nant system for the uptake of L-serine in rat neurons in primary 
culture. Neurosci Res 49(1):101–111. https://​doi.​org/​10.​1016/j.​
neures.​2004.​02.​004

	58.	 Wolosker H, Sheth KN, Takahashi M, Mothet JP, Brady RO Jr, 
Ferris CD, Snyder SH (1999) Purification of serine racemase: 
biosynthesis of the neuromodulator D-serine. Proc Natl Acad Sci 
U S A 96(2):721–725. https://​doi.​org/​10.​1073/​pnas.​96.2.​721

	59.	 Rosenberg D, Artoul S, Segal AC, Kolodney G, Radzishevsky I, 
Dikopoltsev E, Foltyn VN, Inoue R et al (2013) Neuronal D-serine 
and glycine release via the Asc-1 transporter regulates NMDA 

receptor-dependent synaptic activity. J Neurosci 33(8):3533–3544. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​3836-​12.​2013

	60.	 Sason H, Billard JM, Smith GP, Safory H, Neame S, Kaplan E, 
Rosenberg D, Zubedat S et al (2017) Asc-1 transporter regulation 
of synaptic activity via the tonic release of d-serine in the fore-
brain. Cereb Cortex 27(2):1573–1587. https://​doi.​org/​10.​1093/​
cercor/​bhv350

	61.	 Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, 
Ogden KK, Hansen KB, Yuan H et al (2010) Glutamate receptor 
ion channels: structure, regulation, and function. Pharmacol Rev 
62(3):405–496. https://​doi.​org/​10.​1124/​pr.​109.​002451

	62.	 Zhang Y, Li P, Feng J, Wu M (2016) Dysfunction of NMDA 
receptors in Alzheimer’s disease. Neurol Sci 37(7):1039–1047. 
https://​doi.​org/​10.​1007/​s10072-​016-​2546-5

	63.	 Madeira C, Lourenco MV, Vargas-Lopes C, Suemoto CK, Brandao 
CO, Reis T, Leite RE, Laks J et al (2015) d-serine levels in Alz-
heimer’s disease: implications for novel biomarker development. 
Transl Psychiatry 5:e561. https://​doi.​org/​10.​1038/​tp.​2015.​52

	64.	 Broer S (2002) Adaptation of plasma membrane amino acid 
transport mechanisms to physiological demands. Pflugers Arch 
444(4):457–466. https://​doi.​org/​10.​1007/​s00424-​002-​0840-y

	65.	 Broer S, Broer A, Hansen JT, Bubb WA, Balcar VJ, Nasrallah 
FA, Garner B, Rae C (2007) Alanine metabolism, transport, and 
cycling in the brain. J Neurochem 102(6):1758–1770. https://​doi.​
org/​10.​1111/j.​1471-​4159.​2007.​04654.x

	66.	 Christensen HN (1990) Role of amino acid transport and counter-
transport in nutrition and metabolism. Physiol Rev 70(1):43–77. 
https://​doi.​org/​10.​1152/​physr​ev.​1990.​70.1.​43

	67.	 Oxender DL, Christensen HN (1963) Evidence for two types of 
mediation of neutral and amino-acid transport in Ehrlich cells. 
Nature 197:765–767. https://​doi.​org/​10.​1038/​19776​5a0

	68.	 Kanai Y, Segawa H, Miyamoto K, Uchino H, Takeda E, Endou H 
(1998) Expression cloning and characterization of a transporter 
for large neutral amino acids activated by the heavy chain of 4F2 
antigen (CD98). J Biol Chem 273(37):23629–23632. https://​doi.​
org/​10.​1074/​jbc.​273.​37.​23629

	69.	 Verrey F, Jack DL, Paulsen IT, Saier MH Jr, Pfeiffer R (1999) 
New glycoprotein-associated amino acid transporters. J Membr 
Biol 172(3):181–192. https://​doi.​org/​10.​1007/​s0023​29900​595

	70.	 Verrey F, Meier C, Rossier G, Kuhn LC (2000) Glycoprotein-
associated amino acid exchangers: broadening the range of trans-
port specificity. Pflugers Arch 440(4):503–512. https://​doi.​org/​10.​
1007/​s0042​40000​274

	71.	 Xu J, Begley P, Church SJ, Patassini S, Hollywood KA, Jullig M, 
Curtis MA, Waldvogel HJ et al (1862) Cooper GJ (2016) Graded 
perturbations of metabolism in multiple regions of human brain in 
Alzheimer’s disease: snapshot of a pervasive metabolic disorder. 
Biochim Biophys Acta 6:1084–1092. https://​doi.​org/​10.​1016/j.​
bbadis.​2016.​03.​001

	72.	 Mazurkiewicz-Kwilecki IM, Nsonwah S (1989) Changes in the 
regional brain histamine and histidine levels in postmortem brains 
of Alzheimer patients. Can J Physiol Pharmacol 67(1):75–78. 
https://​doi.​org/​10.​1139/​y89-​013

	73.	 Puris E, Fricker G, Gynther M (2022) Targeting transporters for 
drug delivery to the brain: can we do better? Pharm Res. https://​
doi.​org/​10.​1007/​s11095-​022-​03241-x

	74.	 Pardridge WM (2020) The isolated brain microvessel: a versa-
tile experimental model of the blood-brain barrier. Front Physiol 
11:398. https://​doi.​org/​10.​3389/​fphys.​2020.​00398

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1 3

748

https://doi.org/10.1038/s41598-021-92602-4
https://doi.org/10.1038/s41598-021-92602-4
https://doi.org/10.3390/metabo10040135
https://doi.org/10.1007/s11306-014-0634-1
https://doi.org/10.1523/JNEUROSCI.3672-12.2013
https://doi.org/10.1093/hmg/ddh019
https://doi.org/10.1093/hmg/ddh019
https://doi.org/10.1073/pnas.1722677115
https://doi.org/10.1073/pnas.1722677115
https://doi.org/10.1021/mp200129p
https://doi.org/10.1016/s0165-3806(01)00250-4
https://doi.org/10.1016/s0165-3806(01)00250-4
https://doi.org/10.1016/j.neures.2004.02.004
https://doi.org/10.1016/j.neures.2004.02.004
https://doi.org/10.1073/pnas.96.2.721
https://doi.org/10.1523/JNEUROSCI.3836-12.2013
https://doi.org/10.1093/cercor/bhv350
https://doi.org/10.1093/cercor/bhv350
https://doi.org/10.1124/pr.109.002451
https://doi.org/10.1007/s10072-016-2546-5
https://doi.org/10.1038/tp.2015.52
https://doi.org/10.1007/s00424-002-0840-y
https://doi.org/10.1111/j.1471-4159.2007.04654.x
https://doi.org/10.1111/j.1471-4159.2007.04654.x
https://doi.org/10.1152/physrev.1990.70.1.43
https://doi.org/10.1038/197765a0
https://doi.org/10.1074/jbc.273.37.23629
https://doi.org/10.1074/jbc.273.37.23629
https://doi.org/10.1007/s002329900595
https://doi.org/10.1007/s004240000274
https://doi.org/10.1007/s004240000274
https://doi.org/10.1016/j.bbadis.2016.03.001
https://doi.org/10.1016/j.bbadis.2016.03.001
https://doi.org/10.1139/y89-013
https://doi.org/10.1007/s11095-022-03241-x
https://doi.org/10.1007/s11095-022-03241-x
https://doi.org/10.3389/fphys.2020.00398

	Protein Expression of Amino Acid Transporters Is Altered in Isolated Cerebral Microvessels of 5xFAD Mouse Model of Alzheimer’s Disease
	Abstract
	Introduction
	Materials and Methods
	Materials
	Study Design and Experimental Model
	Mouse Genotyping
	Tissue Collection
	Aβ ELISA Assays
	qRT-PCR Analysis
	Isolation of Mouse Cerebral Microvessels
	Quantitative Targeted Absolute Proteomic Analysis
	Amino Acid Analysis
	Preparation of Plasma Samples
	Brain Cortical Tissue Sample Preparation
	Relative Quantification of Amino Acids in Mouse Plasma and Brain Prefrontal Cortical Tissue

	Statistical Analysis

	Results
	Characterization of the 5xFAD Mouse Model
	Transporter Protein Expression in the Isolated Cerebral Microvessels and Brain Cortices of 5xFAD Mice
	Comparison of Alterations in Transporter Protein Expression in the Isolated Brain Capillaries of 5xFAD Mice Versus AD Patients and Across the AD Animal Models
	Changes in Amino Acid Levels in the Brain and Plasma of 5xFAD Mice

	Discussion
	Acknowledgements 
	References


