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ARTICLE INFO ABSTRACT
Keywords: Background and aim: The important role of catecholamines has been gradually emphasized in the
Catecholamines pathogenesis of neurodegenerative process. As the most prevalent form of cognitive dysfunction,

Alzheimer’s disease

Vascular dementia

Liquid chromatography-tandem mass spec-
trometry

Cognitive dysfunction

Alzheimer’s disease (AD) and vascular dementia (VaD) have the distinct pathological features and
pathogenic mechanisms, however, the differential involvement of central and peripheral cate-
cholamines between AD and VaD was still unclear.

Methods: Triple-transgenic AD (3 x Tg-AD) mice and chronic cerebral hypoperfusion (CCH) in
rats induced by two-vessel occlusion (2VO) were used as the AD and VaD model in this study,
respectively. The concentrations of catecholamines (dopamine, epinephrine and norepinephrine)
and their metabolites (3-methoxytyramine, metanephrine and normetanephrine) in serum and
five brain regions (hippocampus, cortex, corpus striatum, thalamus and pons) from 3 x Tg-AD
mice and 2VO rats were quantitatively determined by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) assay.

Results: High expression and distribution of hippocampal dopamine, and epinephrine and
norepinephrine in the cortex and thalamus were found in the early 3 x Tg-AD model, whereas
chronic cerebral hypoperfusion induced by 2VO mainly affected the central noradrenergic and
noradrenergic system, but not dopaminergic system. The increased serum levels of catechol-
amines were investigated in the 2VO rats, but not in the 3 x Tg-AD mice.

Conclusion: The differential expression and distribution of central catecholamines and their me-
tabolites suggests the distinct catecholamines-related pathogenesis between AD and VaD. Pe-
ripheral catecholamine surge may be involved in the development of VaD, and the treatment
strategy to prevent or reverse the effects of peripheral catecholamines may be protective for VaD.
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1. Introduction

The catecholamines are comprised of dopamine, epinephrine, and norepinephrine, primarily associated with the central nervous
system (CNS) as neurotransmitters or neuromodulators. Dysfuntion of catecholaminergic system is involved in the development of
neurodegenerative diseases, which may be used as a potential therapeutic target for cognitive impairment [1]. Cognitive impairment
appears as a core feature of dementia, including its most prevalent form, Alzheimer’s disease (AD) and vascular dementia (VaD).
Nevertheless, they have distinct pathological features and pathogenic mechanisms [2]. Along with the amyloid plaques and neuro-
fibrillary tangles, neurodegeneration with brain atrophy hallmarks AD neuropathology [3]. While, VaD involves the impairment of
memory and cognitive function as a consequence of cerebrovascular diseases [4]. Abnormal dopamine and norepinephrine expression
has been reported in AD brain, however, the involvement of central catecholaminergic system in VaD was still mysterious [5,6].
Moreover, the catecholamines also play a vital role as circulating hormones released from hypothalamic-pituitary-adrenal (HPA) axis
and sympathetic nerves. They may be acitivated after ischemic brain injury, called as catecholamine surge [7,8]. Whether the
expression profile of peripheral catecholamines in cerebrovascular event-induced VaD are different from that in AD is also interesting.

To further understand the mechanism of catecholaminergic disruption in cognitive impairment, we explored the expression
characteristics of central and peripheral catecholamines in AD and VaD in this study. Using a sensitive and specific liquid
chromatography-tandem mass spectrometry (LC-MS/MS) assay, catecholamines and their metabolites in serum and brain tissues were
quantitatively analyzed from the animal model of AD and VaD, respectively. The differential expression profiles of catecholamines and
the underlying possible mechanism between AD and VaD were further assessed.

2. Research design and methods
2.1. Animals and ethics

All animal procedures and protocols were approved by the Research Animal Resources and Care Committee of Zhongnan Hospital
of Wuhan University (No. ZN2021020) and performed in accordance with the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. Triple-transgenic Alzheimer’s disease (3 x Tg-AD) mice harboring PSEN1 M146V knockin, APPswe and
TauP301L transgenes were purchased from the Jackson Laboratory (MMRRC stock #34830, RRID: MMRRC_034830-JAX). Homozy-
gous adult male 3 x Tg-AD mice (25-30 g, 6 months of age) were used and compared to age- and sex-matched wild-type (WT) mice
(C57BL/6J), which are derived from the original mouse line with the same genetic background. Male mice were chosen to avoid
additional factors affecting AD, such as hormones in female. Male Sprague-Dawley (SD) rats (220-260 g, 8-10 weeks of age) were
obtained from the SPF Biotechnology Co., Ltd (Beijing, China) and used in our study. All animals were housed in a controlled envi-
ronment (24 + 2 °C, 12 h light and dark cycles) and received standard laboratory food and filtered clean water ad libitum.

2.2. Chronic cerebral hypoperfusion model

We used chronic cerebral hypoperfusion (CCH) in rats induced by two-vessel occlusion (2VO) operations as a VaD model, as
described in our previous research [2]. Briefly, rats were anesthetized with 1 % pelltobabitalum natricum (40 mg/kg). After a ventral
midline incision in the neck area, the left and right common carotid arteries (CCAs) were carefully isolated from the neighboring vagus
nerve and ligated permanently with 4-0 silk suture to create the hypoperfusion and 2VO paradigm. In the sham-operated group, rats
were subjected to similar surgical procedures without ligation. During the surgery, the body temperature of rats was kept at 37 + 1 °C
using a heating pad. After recovery from anesthesia, rats were returned to tha animal housing facility until further experiments.

From 15 min before to 15 min after the 2VO, cerebral blood flow (CBF) in the hippocampal CA1 region was measured using a laser
doppler velocimetry, as described previously [9]. Briefly, a skull hole was drilled into the left side of hippocampal CAl region
(anteroposterior = 4.8 mm, mediolateral = +2.5 mm, dorsoventral = —3.5 mm) and a 0.45 mm diameter laser doppler probe
(moorVMS-LDF1, UK) was used to measure CBF from this hole into the hippocampus. When the CBF was stable, continuous recording
was performed for 5 min using Perisoft software. Hippocampal blood flow was presented as the percentage of the postoperative value
relative to the peroperative value.

2.3. Novel object recognition test

To evaluate the short-term memory, the novel object recognition (NOR) test was carried out in an opaque open-field box (50 cm x
40 cm x 40 cm), as described previously [10]. Briefly, two identical objects (A and B) were put at opposite ends of a single wall. On the
first day, the rat was allowed to freely explore both items for 10 min. On the second day, the object B was replaced by a brand-new
object C, and the rat was placed into the box again to freely investigate for 10 min. Nosing and smelling at an object within a distance
less than 2 cm was defined as exploring it. The objects and the field were cleaned with 75 % ethanol between each experiment. A
computerized video imaging analysis system (AVTAS Animal Video Tracking Analysis System, China) was used to record the trace of
the rat’s exploration and the total time spent on each object. The percentage of the recognition index (RI) was calculated using the
following formulae [11]:

RI (%) = [time spent on the new object/(time spent on the new object + time spent on the familiar object)] x 100 %
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2.4. Morris water maze test

The morris water maze (MWM) test is a classical task widely used to assess spatial learning and reference memory in rodents [12].
The MWM device consisted of a cylindrical black pool (150 cm in diameter and 60 cm in height) into which water was poured to a
depth of 32 cm at room temperature and dyed using black ink. The maze was evenly divided into four quadrants, and a cylindrical
platform (10 cm in diameter and 30 cm in height) was placed in the center of a certain quadrant. The probe train aims to assess the
strength and persistence memory of the original platform location. From day 1 to day 5, each animal was placed into the water at four
different locations on the opposite side of the platform. Animals were allowed to freely search the hidden platform in 60 s. After each
trial, all animals were allowed to observe the surroundings on the platform for 15 s. The time spent in finding the platform was
recorded as “escape latency”. On day 6, the platform was removed and each animal received a 60 s probe test in the maze. The time
spent swimming in the target quadrant and the number of times to cross the platform were recorded using a computerized video
imaging analysis system (AVTAS Animal Video Tracking Analysis System, China).

2.5. Immunohistochemistry

The sections from 3 x Tg-AD and WT mice were processed for immunocytochemical detection of f-amyloid and hyper-
phosphorylated Tau to confirm AD-like pathology. Briefly, the 3 x Tg-AD and WT mice were deeply anesthetized and perfused
sequentially with 5 % PBS and 4 % paraformaldehyde for 5 min. Brains were extracted and fixed in 4 % paraformaldehyde for 24 h,
then embedded in paraffin wax and sectioned into 4 ym coronal slices. For antigen retrieval, sections were incubated in EDTA buffer
(pH 8.0) and treated with Hy0O5 to quench autofluorescence for 5 min, followed by blocking with BSA for 30 min. Then, sections were
incubated overnight at 4 °C with primary antibodies against p-amyloid (1:50, Santa Cruz Biotechnology, sc-28365) or phospho-Tau
(Ser202, Thr205) monoclonal antibody (AT8) (1:100, Thermo Fisher Scientific, MN1020). After three washes with PBS, the sec-
tions were incubated with biotinylated secondary antibodies, followed by Avidin-Biotin Complex (ABC)-HRP conjugates. The immune
reaction was visualized using Diaminobenzidine (DAB) as the substrate, and nuclei was counterstained with hematoxylin.

2.6. Reagents and chemicals used for LC-MS/MS method

The reagents of dopamine (DA), epinephrine (Epi), norepinephrine (NE), metanephrine (MN), normetanephrine (NMN), and 3-
methoxytyramine (3-MT), and the corresponding internal standards (IS) including DA-d4, Epi-d3, NE-d6, MN-d3, NMN-d3 and 3-
MT-d4, were purchased from Calibra Diagnostics (Hangzhou, China). Formic acid, methanol, perchloric acid, dansyl chloride,
methylene chloride and isoflurane of HPLC grade were bought from Sigma-Aldrich (TX, USA). Catecholamine Quality Control (QC) 1,
2 and 3 were also obtained from Calibra Diagnostics. Certain amount of calibrators, IS and QC samples as received was nitrogen dried
and then dissolved in methanol/water (50 %, v/v) to prepare stock solutions. All standard solutions were aliquoted and stored at
—80 °C until further use. The concentrations of test solutions for the six analytes were listed in Supplementary Table S1.

2.7. Sample preparation and extract procedure

The sample preparation were performed in 6-month-old homozygous male 3 x Tg-AD mice and the experimental rats at 8 weeks
after 2VO surgery. Blood specimens from the retro-orbital sinus of the experimental animals were collected into tubes. After standing
for 30 min, the blood samples were centrifuged for 10 min at 3,800 rpm. The sera were separated and allocated to tubes, and preserved
at —80 °C for further analysis. Under deep anesthesia with 2-3% isoflurane, the forebrains of the experimental animals were removed
quickly. The cerebral cortex (Cor), hippocampus (Hippo), corpus striatum (Cs), thalamus (Th) and pons regions were dissected
separately and homogenized in 0.1 M perchloric acid (100 pl for 20 mg tissues). The tissue homogenates were clarified by centrifu-
gation (10,000 g for 10 min), and the supernatants were separated for the further extract.

Catecholamine extraction liquid (Calibra Diagnostics Co., Ltd., Zhejiang, China) was applied to pretreat the samples, using the
derivatization method. Briefly, 200 pl of serum or tissue homogenate supernatant (or calibrator/QC sample) was mixed with 20 pl IS
working solution to be fully vortexed, and then the derivant dansyl chloride was added. The mixture were centrifuged at 15,000 rpm
for 10 min, then placed in oven at 50 °C for 1 h. After derivatization, 200 pl of the supernatant was transferred to a 96-well supported
liquid extraction (SLE) cartidges for standing 10 min. Further, 1.5 ml of methylene chloride was added into SLE cartidges, then the
eluent was collected and dried by nitrogen. Last, the samples were dissolved in 20 % methanol in water and centrifuged at 4,000 rpm
for 10 min, then 100 pl of the supernatant was transferred into a 96-well microtiter plate for the following LC-MS/MS assay.

2.8. LC-MS/MS conditions and quantitative measurement

Serum and tissue levels of catecholamines and their metabolites were quantified using LC-MS/MS assay at the Department of
Clinical Laboratory at Zhongnan Hospital of Wuhan University. The methodological establishment and validation of LC-MS/MS for
catecholamines were performed in accordance with the C62-A standard for clinical mass spectrometry by CLSI [13]. The analyses were
conducted on a Jasper™ High-Performance Liquid Chromatography (HPLC) system coupled to an AB SCIEX Triple Quad™ 4500MD
mass spectrometer with an electron spray ionization source in the positive ion mode. The chromatographic separation was achieved
with a Phenomenex Kinetex Biphenyl (50 x 3.0 mm, 2.6 pm) column. The mobile phases consisted of 0.1 % formic acid in water
(mobile phase A) and methanol (mobile phase B). Gradient elution was as follows: 0-1.2 min 75 % A, 25 % B; 1.2-4.5 min linear
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gradient to 10 % A, 90 % B; 4.5-5.0 min equilibrate with 75 % A, 25 % B. 30 pl of sample was injected at a flowrate of 0.6 ml/min. The
multiple reaction monitoring (MRM) transitions used for DA was 853.2 > 619.2 as quantifier and 857.0 > 623.2 as qualifier, for Epi
was 883.2 > 537.2 as quantifier and 886.2 > 537.2 as qualifier, for NE was 869.2 > 537.1 as quantifier and 875.2 > 542.2 as qualifier,
for 3-MT was 634.2 > 400.2 as quantifier and 638.2 > 404.2 as qualifier, for MN was 664.2 > 567.1 as quantifier and 667.2 > 570.2 as
qualifier, and for NMN was 650.2 > 553.1 as quantifier and 653.2 > 556.2 as qualifier. MultiQuant™ MD 3.0.2 software was used to
quantify the concentrations of the six analytes. The area ratios of the analyte to the internal standard peak of the six calibration
standards were plotted to generate the calibration curve for each set of samples. The plot used linear regression with 1/x? weighting,
and the correlation coefficient of determination (R?) greater than 0.99 for all the analytes (Supplementary Table $2). Three levels of QC
samples were included in each experiment.

A Hippocampus B NOR test C NOR test

*kk Fkk

-
a
S
~
a
~
°

dkk

~
°

-3

a

o
o

o
a

Cerebral blood flow (%)
&

Recognition index (%)
Recognition index (%)
=3
8

50
Sham 2vo Sham 2vo WT  3xTg-AD

D MWM test F

% 304 Fekk WT 3xTg-AD
60 - WT “g
z m. 3xTg-AD s . 5 6 5 6
= §.0l ue %
£ : )
8 8 . =4
k] ) .
8 20| 5 104 &
o £ 8
i g
T T T T T = o
o"\\ o’i\m Qé‘!' o“" o‘*‘ WT  3xTg-AD
E % 40
i MWM test ~ Sham c e G
—_— c
< oo o -m- 2V0 L34 ¢
2 s
H T
B 40 fgzo- . .
8 5 * T
S 20 £ 104 .
i g
T T T T T F o 0 =
N v L J
& P P P -
x
P 9]
= -
; el —
o o
|V o
wv w
> >
Q. Q.
IS g
© c
o} o B
3 S -
Q. Q.
2 2
T ol

L B

Fig. 1. Cognitive impairment in the animal model of AD and VaD. (A) The hippocampal blood flow in sham (n = 7) and 2VO (n = 7) groups was
recorded using a laser doppler velocimetry, and presented as the percentage of the postoperative value relative to the peroperative value. (B) The
recognition index of NOR test in sham (n = 7) and 2VO (n = 7) groups. (C) The recognition index of NOR test in WT (n = 7) and 3 x Tg-AD (n = 10)
groups. (D) The escape latency and time in target quadrant of MWM test in WT (n = 7) and 3 x Tg-AD (n = 10) groups. (E) The escape latency and
time in target quadrant of MWM test in sham (n = 7) and 2VO (n = 7) groups, respectively. (F, G) The representative swimming track of AD and VaD
model animals, compared with the corresponding control groups. (H, I) Inmunoreactivity of Ap and AT8 in the cortex and hippocampus regions of
6-month-old WT and 3 x Tg-AD mice. scale bar, 200 pm. The data (A-E) were presented as means + SEM and analyzed by Student’s t-test. **p <
0.01, ***p < 0.001.
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2.9. Statistical analysis

GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA) were used for statistical analysis. All data were rep-
resented as mean + SEM. The significance of the generated data was determined using Student’s t-test was applied to analyze dif-
ferences between two groups, and one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used for multiple
comparisons. Statistical differences were considered significant when p < 0.05 and very significant when p < 0.01.

3. Results
3.1. Cognitive impairment in the early AD and VaD

The recapitulation of salient features of AD in 3 x Tg-AD mouse model clarifies the relationship between Ap, synaptic dysfunction
and tangles, providing a valuable model for AD research [14]. Here, the 6-month-old male 3 x Tg-AD mice were used, which genotype
has been identified to be homozygous. The CCH surgery induced by 2VO in rats is considered as a suitable animal model to mimic
chronic brain hypoperfusion status, which is proved to be a risk factor to precede VaD [15]. In this study, the hippocampal blood flow
in 2VO rat model was reduced by nearly 65 %, indicating that the CCH model induction was successful (Fig. 1A). Further, the NOR test
and MWM test were performed to evaluate the cognitive impairment in animal model of the early VaD or AD. For the NOR test, the RI
value in 2VO rats was significantly lower than that in the sham group (Fig. 1B). The RI value in 3 x Tg-AD mice also showed the similar
difference, compared with WT mice (Fig. 1C). For the MWM test, there was an obvious difference in escape latency time during the
training period and time spent in target quadrant during the probe trial period between 3 x Tg-AD or 2VO and the respective cor-
responding control group (Fig. 1D-E). The representative swimming trace of experimental animals was shown in Fig. 1F & G.
Compared to the WT group, homozygous 3 x Tg-AD mice showed Af immunoreactivity in both the cortex and hippocampus regions
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Fig. 2. The expression profiles of catecholamines and their metabolites in the differential brain regions in 3 x Tg-AD mice. (A) The representative
chromatogram showing signals of catecholamines (DA, NE and Epi) and their metabolites (3-MT, NMN and MN) in the different regions of mouse
brain, including hippocampus (Hippo), cortex (Cor), corpus striatum (Cs), thalamus (Th) and pons. x axis, retension time (s); y axis, intensity (cps).
(B) The statistics of catecholamines concentrations from WT (n = 7) and 3 x Tg-AD mice (n = 10). Quantification was performed on the basis of
peak area ratios of the targeted analyte compared to its corresponding internal standard. Data are shown as means + SEM, *p < 0.05 compared with

the corresponding WT groups; *p < 0.05 compared with the hippocampus region in the 3 x Tg-AD mice; “p < 0.05 compared with the other four
regions in the 3 x Tg-AD groups.
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(Fig. 1H). In contrast, AT8 immunoreactivity, which detects phosphorylated Tau at residues S202/T205, was absent in these regions
(Fig. 11). These observations indicated that Ap deposition preceded Tau pathology in 3 x Tg-AD mice, which was consistent with the
previous study [16]. Collectively, these data suggest that the cognitive impairment occurs in the animal model of early AD and VaD.

3.2. The expression profiles of catecholamines and their metabolites in the different brain regions in AD mice

DA can be enzymatically metabolized via catechol-O-methyl transferase (COMT), which replaces a hydroxyl group with a methoxy
group to form 3-MT. 3-MT has been found to be involved in the progressive neurodegeneration. MN and NMN are the two catechol 3-O-
methylated metabolites of Epi and NE, respectively [17]. Considering the fast metabolic characteristics of catecholamines, the function
analysis of catecholaminergic systems in cognitive impairment-related disorders was combined with their metabolites in our study.

The origin of NE in the CNS is mainly from the locus coeruleus, which resides in the brainstem’s dorsal pons and is linked to the
hippocampus, thus being important for memory formation [18,19]. Epi can be released in response to neuronal activation, which is
synthesized from NE via the methylation of phenylethanolamine N-methyltransferase (PNMT) [20]. DA is an amine formed by the
precursor chemical L-DOPA mainly in cortical circuits and basal ganglia, which can interact with its receptors expressed especially in
the hippocampal dentate gyrus in the CNS [21]. The dysfunction of the fronto-striato-thalamic system was recently suggested to be
associated with the pathogenesis of poor cognitive performance [22]. Taken together, the five critical brain regions were chosed to
analyze the expression and distribution of catecholamines and their metabolites in this study, including the cerebral cortex, hippo-
campus, corpus striatum, thalamus and pons regions.

The normal expression characteristics of catecholaminergic system in the above five brain regions were first analyzed in the WT
mice by LC-MS/MS. DA and its metabolite 3-MT showed the relatively high expression and distribution in the corpus striatum region.
NE was mainly distributed in the pons region, the level of which was almost 2.5 fold higher than that in the hippocampus. The dis-
tribution of Epi and its metabolite MN was similar with NE, but their concentrations were rather low, just the approximately
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Fig. 3. The expression profiles of catecholamines and their metabolites in the differential brain regions in 2VO rats. (A) The representative
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(B) The statistics of catecholamines concentrations from sham (n = 7) and 2VO model rats (n = 7). Quantification was done on the basis of peak area
ratios of the targeted analyte compared to its corresponding internal standard. Data are shown as means + SEM, *p < 0.05 compared with the
corresponding sham groups.
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thousandth levels of NE (Supplementary Fig. S1). Compared with the WT mice, the changes in the levels and distribution of cate-
cholamines and their metabolites occurred in the 3 x Tg-AD mice. There was a significant elevation of DA and 3-MT concentrations in
the hippocampus in the 3 x Tg-AD mice. The levels of NE in the cortex and thalamus were increased, but the elevation of its metabolite
NMN was only detected in the cortex region. The level of Epi was obviously elevated in the thalamus than that in the other four regions
in the 3 x Tg-AD mice, however, its metabolite MN was still highly distributed in the pons region (Fig. 2). The detailed quantitative
data were listed in Supplementary Table S3. Thereby, the changes of hippocampal dopamine system, norepinephrine and epinephrine
system in the cortex and thalamus may be closely related to the AD pathogenesis.

3.3. The expression profiles of catecholamines and their metabolites in the different brain regions in VaD rats

To explore the differential expression profiles for central catecholamines between AD and VaD, we further performed the quan-
titative analysis for catecholamines and their metabolites in the rat 2VO model and the corresponding sham group. In the sham groups,
the highly expression of DA in the corpus striatum and NE/Epi in the pons region was detected, accompanied with their metabolites.
The distribution was basically consistent with that in the WT mice (Supplementary Fig. S2). In the 2VO group, no obvious changes of
DA and 3-MT levels were found in the five brain regions. Except for the continuous elevation of NE in the pons, the concentrations of
NE/Epi and MN in the corpus striatum were also increased, compared with the sham group (Fig. 3). The detailed quantitative data
were listed in Supplementary Table S4. Thus, the process of CCH-induced VaD may mainly affect the noradrenergic and adrenergic
systems in the CNS, but not dopaminergic system.

3.4. The serum levels of catecholamines and their metabolites in the animal model of AD and VaD

As the important circulating hormones, the expression characteristics of catecholamines and their metabolites in serum were
further analyzed by LC-MS/MS under the condition of AD and VaD. Compared with the WT mice, the serum levels of catecholamines
and their metabolites did not show the significant increase or decrease in the 3 x Tg-AD mice (Fig. 4). In contrast, the serum levels of
DA, Epi and NE in the 2VO groups were higher than those in the corresponding sham groups, despite without the accompanying
changes of their metabolites (Fig. 5). Hence, the effect of circulating catecholamines may be involved in the development of VaD.

A B Serum DA Serum 3-MT
4 1500 = 3000
5 €
wrt 1.8¢6) - =)
=E\ ° L] & .
21000 . 2 2000
1.5¢6 =2 £ °
2 g
£ - 5 .
T g 500 " §1ooo
< 8 . 2
Fl g
2 -
£ 73es WT  3xTg-AD WT  3xTg-AD
- 4
5.0e5| 1 “
I \ Serum NE Serum NMN
255, ‘\ ,’ 30000 10000
‘ = L] e
| \ 1:NMN E H £
- sl - | ) an 2 8000 .
22 2426 28 30 3.2 34 3 : e Py
2:MN < 20000 o 2 > .
Retension time (min) 3:3-MT £ o E 6000
M = o
SaliE g 2 4000 T
5 : Epi £ 10000 . s 2
2 6:DA 2 £ 2000 ® .
3xTg-AD 1s8e6 S . g .
- WT  3xTg-AD WT  3xTg-AD
1.3e6] .
_ f 6 Serum Epi Serum MN
o
S 1064 20000 6000
2 k = = ® -
2 £ o £ .
S 7.5e5 5 15000 . > 4
£ ‘ k4 o - £ 4000
1 @ 2 u
5.0e5, | 4 .£ 10000 . £
“ [ £ 5
I | S . 5
5 ‘.\ 5 2 2000 .
2.5e5 | I £ 5000 s
| N \ =3 . % o
L u . 2 HEE
o a2 AN 0 0
22 24 26 28 3.0 3.2 34 363840 WT  3xTg-AD WT 3xTg-AD

Retension time (min)

Fig. 4. The serum expression profiles of catecholamines and their metabolites in 3 x Tg-AD mice. (A) The representative chromatogram showing
signals of serum catecholamines (DA, NE and Epi) and their metabolites (3-MT, NMN and MN) in WT and 3 x Tg-AD mice. (B) The statistics of serum
catecholamines concentrations from WT (n = 7) and 3 x Tg-AD mice (n = 10). Quantification was done on the basis of peak area ratios of the
targeted analyte compared to its corresponding internal standard. Data are shown as means = SEM and compared by Student’s t-test.
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Fig. 5. The serum expression profiles of catecholamines and their metabolites in 2VO rats. (A) The representative chromatogram showing signals of
serum catecholamines (DA, NE and Epi) and their metabolites (3-MT, NMN and MN) in the Sham and 2VO rats. (B) The statistics of serum cate-
cholamines concentrations from sham (n = 7) and 2VO model rats (n = 7). Quantification was done on the basis of peak area ratios of the targeted
analyte compared to its corresponding internal standard. Data are shown as means + SEM, *p < 0.05 compared with the corresponding
sham groups.

4. Discussion

Due to the distinct pathological features and pathogenic mechanisms, the difference between AD and VaD about the expression and
distribution of catecholamines was still unclear. In this study, catecholamines and their metabolites were quantitatively analyzed using
the LC-MS/MS assay. First, the differential expression profiles of catecholamines and their metabolites were shown in the brain from
animal model of AD and VaD. For the central dopamine system, i) dopaminergic neurons originate from the substantia nigra and the
ventral tegmental area, and the dopaminergic neuronal loss was confined to the ventral tegmental area in the AD model [23,24].
However, we found that the concentrations of DA and its metabolite 3-MT in the corpus striatum were obviously high under the
healthy condition, but in the 3 x Tg-AD mouse model with Ap pathology, the levels of hippocampal DA and 3-MT were significantly
elevated, which may be due to the release or projection that originates in other brain regions, such as nigrostriatum. The reason for the
elevated dopamine system in AD needs to be further elucidation. ii) The DA receptors are expressed especially in the hippocampal
dentate gyrus (DG) and subventricular zone (SVZ), but the increased tonic release of DA may resulting in the down-regulation of DA
receptors [25,26]. Here, we found a significant elevation of DA and 3-MT in the hippocampus in the 3 x Tg-AD mice, which may lead to
the down-regulation of hippocampal DA receptors and further increase hyperexcitability. iii) No significant elevation of DA and 3-MT
was found in the five detected brain regions in the 2VO model compared to the sham control. Maybe, the process of AD could affect the
expression and distribution of dopaminergic neurotransmission in the CNS, linked with Af pathology, while the process of
CCH-induced VaD did not.

Noradrenergic neurons are mainly clustered in small nuclei located in the pons and lateral reticular formation of the medulla.
Among, the most of NE are produced in the locus coeruleus (LC) [27]. The reduction in the number of noradrenergic neurons from the
LC has been observed in the initial postmortem analyses of brains from AD patients [28]. According to our results, the pons region was
responsible for the most of NE produced in the brain from the normal WT mice or sham-treated rats. In the 3 x Tg-AD mice, the
abnormal levels of NE were detected in the cortex and thalamus regions, while the level in the pons did not present the obvious
decrease. In the 2VO rats, the high levels of NE were distributed in the corpus striatum. The differential distribution and expression
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between the AD and VaD model revealed that NE may activate adrenergic receptors to generate the distinct effects, nevertheless,
controversial studies about NE have pointed out both to neurotoxic and neuroprotective activity in cognitive impairment [27]. Based
on, the abnormality of central norepinephrine system in the early AD and VaD associated with the “fight or flight” response needs to be
further verified. PNMT methylates NE to form Epi, which is present in a very high concentration in the adrenal, while a low con-
centration in brain stem [29]. However, our results also showed the similar abnormality of central epinephrine system in the early AD
and VaD. Compared with those in the peripheral circulation, the levels of Epi in the five brain regions were rather low, but its

Early AD brain
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Fig. 6. A scheme of the differential involvement of central and peripheral catecholamines in the early AD and VaD animal model. High expression
and distribution of dopamine system in hippocampus, and norepinephrine and epinephrine system in the cortex and thalamus may be closely related
to AP pathology in the early AD model, whereas chronic cerebral hypoperfusion induced by 2VO may mainly affect the noradrenergic and
epinephrine systems in the CNS, but not dopaminergic system, showing the distinct pathogenesis between AD and VaD. In the peripheral circulation,
chronic cerebral hypoperfusion may induce catecholamine surge via the activation of hypothalamic-pituitary-adrenal (HPA) axis and sympathetic
nerve, which may promote vascular toxicity and then aggravate the development of VaD pathology.
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significance should not be ignored.

The differential expression profiles of catecholamines and their metabolites in the brain revealed the distinct involvement of
catecholaminergic system in these two types of dementia, which may associated with the respective pathological features and path-
ogenic mechanisms. Meanwhile, we further investigated the other face of catecholamines as circulating hormones in the early AD and
VaD. To be surprised, we found that the serum levels of DA, NE and Epi were all significantly increased in the 2VO model, while no
obvious changes in the 3 x Tg-AD mice. Thus, we speculated that chronic cerebral hypoperfusion may promote the activation of HPA
axis and sympathetic nerve, and the vascular toxicity induced by the increased catecholamines may lead to the further vascular oc-
clusion and aggravation of cognitive impairment. The underlying mechanism for catecholamine surge induced by chronic cerebral
hypoperfusion deserves further research. The involvement of peripheral catecholaminergic system in the AD process may be negli-
gible. The symptoms of AD and VaD can be similar and often occur simultaneously as “mixed” dementia [30]. Detection of peripheral
catecholamines may be helpful for the identification of VaD from AD or mixed dementia. Additionally, how to prevent or reverse the
effects of peripheral catecholamines has been suggested to be the potential therapeutic target in brain injury and cerebral-cardiac
syndrome [31,32]. For example, Phenoxybenzamine (PBZ) as a FDA approved treatment for humans and animals to reduce hyper-
tension associated with adrenal tumors (pheochromocytoma), has been found to be a potential neuroprotective agent in brain injury
[31,33]. In the future research, the effect of PBZ on VaD may be worth exploring.

There were still several limitations in our study. We just detected the concentrations of catecholamines and their metabolites for
one time point in the early 3 x Tg-AD mice (6 months) and 2VO rats (8 weeks). Maybe a longitudinal investigation with the age and
disease course would provide more information about the involvement of catecholamines and their metabolites in cognitive
dysfunction. We found that the changes of the metabolites were not consistent with their corresponing catecholamines, which may be
related to the differential distribution of COMT in the brain regions. Additional larger sizes are needed to validate our findings. As a
proof-of-concept study, we can not address all questions arising from this initial work. However, our study aimed to suggest the
differential involvement of catecholamines and their metabolites in the early AD and VaD, which may be the breach to further identify
the unique mechanisms for cognitive impairment.

5. Conclusion

Taken together, high expression and distribution of hippocampal dopamine system, and norepinephrine and epinephrine system in
the cortex and thalamus may be closely related to Ap pathology in the early AD, whereas chronic cerebral hypoperfusion in the process
of VaD may mainly affect the noradrenergic and epinephrine system systems in the CNS, but not dopaminergic system, showing the
distinct pathogenesis between AD and VaD. In the peripheral circulation, catecholamine surge may be involved in the development of
VabD (Fig. 6). Detection of peripheral catecholamines may be helpful for the identification of VaD from AD or mixed dementia, and the
therapeutic strategy to prevent or reverse the effects of peripheral catecholamines may be protective for VaD, which should be
concerned.

Consent statement

All co-authors have seen the submitted manuscript, agree with its content and approve of its publication, and that the material is
not under consideration elsewhere. The authors have obtained informed consent from persons whose details are described in the
manuscript that this information may be published, when applicable.

Ethics statement

The animal study was approved by Animal Ethics Committee of the Medical School of Wuhan University (No. ZN2021020). The
study was conducted in accordance with the local legislation and institutional requirements.

Data availability statement

The data associated with our study has not been deposited into a publicly available repository, and our data will be made available
on request.

CRediT authorship contribution statement

Xiao-Yue Hong: Visualization, Validation, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. Siwei
Li: Methodology, Investigation, Formal analysis, Data curation. Tian Li: Methodology, Investigation, Formal analysis, Data curation.
Wei Chen: Methodology, Investigation. Yirong Li: Supervision, Resources. Zhuo Wang: Writing — original draft, Supervision,
Methodology, Conceptualization. Yi Luo: Writing — review & editing, Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

10



X.-Y. Hong et al. Heliyon 10 (2024) 38843
Acknowledgements

This study was supported by the National Natural Science Foundation of China (No. 82071324), and Hubei Provincial Natural
Science Foundation (Grant No. 2023AFB725).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e38843.

References

[1] K. Henjum, L.O. Watne, K. Godang, N.B. Halaas, R.S. Eldholm, K. Blennow, H. Zetterberg, I. Saltvedt, J. Bollerslev, A.B. Knapskog, Cerebrospinal fluid
catecholamines in Alzheimer’s disease patients with and without biological disease, Transl. Psychiatry 12 (1) (2022) 151.

[2] Z. Wang, Z. Xu, Y. Luo, S. Peng, H. Song, T. Li, J. Zheng, N. Liu, S. Wu, J. Zhang, L. Zhang, Y. Hu, Y. Liu, D. Lu, J. Dai, J. Zhang, Reduced biophotonic activities
and spectral blueshift in Alzheimer’s disease and vascular dementia models with cognitive impairment, Front. Aging Neurosci. 15 (2023) 1208274.

[3] B.T. Hyman, C.H. Phelps, T.G. Beach, E.H. Bigio, N.J. Cairns, M.C. Carrillo, D.W. Dickson, C. Duyckaerts, M.P. Frosch, E. Masliah, S.S. Mirra, P.T. Nelson, J.
A. Schneider, D.R. Thal, B. Thies, J.Q. Trojanowski, H.V. Vinters, T.J. Montine, National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease, Alzheimers Dement 8 (1) (2012) 1-13.

[4] W.M. van der Flier, I. Skoog, J.A. Schneider, L. Pantoni, V. Mok, C.L.H. Chen, P. Scheltens, Vascular cognitive impairment, Nat. Rev. Dis. Prim. 4 (2018) 18003.

[5] D. Weinshenker, Functional consequences of locus coeruleus degeneration in Alzheimer’s disease, Curr. Alzheimer Res. 5 (3) (2008) 342-345.

[6] J.A. Court, E.K. Perry, Neurotransmitter abnormalities in vascular dementia, Int. Psychogeriatr. 15 (Suppl 1) (2003) 81-87.

[7]1 A.W. Tank, D. Lee Wong, Peripheral and central effects of circulating catecholamines, Compr. Physiol. 5 (1) (2015) 1-15.

[8] M. Bieber, R.A. Werner, E. Tanai, U. Hofmann, T. Higuchi, K. Schuh, P.U. Heuschmann, S. Frantz, O. Ritter, P. Kraft, C. Kleinschnitz, Stroke-induced chronic
systolic dysfunction driven by sympathetic overactivity, Ann. Neurol. 82 (5) (2017) 729-743.

[9] Z. Wang, T. Li, M. Du, L. Zhang, L. Xu, H. Song, J. Zhang, p-hydroxybutyrate improves cognitive impairment caused by chronic cerebral hypoperfusion via
amelioration of neuroinflammation and blood-brain barrier damage, Brain Res. Bull. 193 (2023) 117-130.

[10] J. Zheng, H. Zhu, Z. Zhao, M. Du, Z. Wang, L. Lan, J. Zhang, Vesicular acetylcholine transporter in the basal forebrain improves cognitive impairment in chronic
cerebral hypoperfusion rats by modulating theta oscillations in the hippocampus, Neurosci. Lett. 807 (2023) 137281.

[11] L.M. Lueptow, Novel object recognition test for the investigation of learning and memory in mice, J. Vis. Exp. 126 (2017) 55718.

[12] L.J. Lissner, K.M. Wartchow, A.P. Toniazzo, C.A. Goncalves, L. Rodrigues, Object recognition and Morris water maze to detect cognitive impairment from mild
hippocampal damage in rats: a reflection based on the literature and experience, Pharmacol. Biochem. Behav. 210 (2021) 173273.

[13] K.L. Lynch, Clsi C62-A: a new standard for clinical mass spectrometry, Clin. Chem. 62 (1) (2016) 24-29.

[14] S. Oddo, A. Caccamo, J.D. Shepherd, M.P. Murphy, T.E. Golde, R. Kayed, R. Metherate, M.P. Mattson, Y. Akbari, F.M. LaFerla, Triple-transgenic model of
Alzheimer’s disease with plaques and tangles: intracellular Abeta and synaptic dysfunction, Neuron 39 (3) (2003) 409-421.

[15] M.L. Yan, J. Ai, A rodent model for chronic brain hypoperfusion related diseases: permanent bilateral occlusion of the common carotid arteries (2VO) in rats, Bio
Protoc 8 (1) (2018) e2668.

[16] S. Oddo, A. Caccamo, M. Kitazawa, B.P. Tseng, F.M. LaFerla, Amyloid deposition precedes tangle formation in a triple transgenic model of Alzheimer’s disease,
Neurobiol. Aging 24 (2003) 1063-1070.

[17] P. Wonnenberg, W. Cho, F. Liu, T. Asrat, A.G. Zestos, Polymer modified carbon fiber microelectrodes for precision neurotransmitter metabolite measurements,
J. Electrochem. Soc. 167 (16) (2020) 167507.

[18] H. Eichenbaum, Memory: organization and control, Annu. Rev. Psychol. 68 (2017) 19-45.

[19] N. Hansen, The longevity of hippocampus-dependent memory is orchestrated by the locus coeruleus-noradrenergic system, Neural Plast. 2017 (2017) 2727602.

[20] M.G. Ziegler, X. Bao, B.P. Kennedy, A. Joyner, R. Enns, Location, development, control, and function of extraadrenal phenylethanolamine N-methyltransferase,
Ann. N. Y. Acad. Sci. 971 (2002) 76-82.

[21] K.C. Berridge, The debate over dopamine’s role in reward: the case for incentive salience, Psychopharmacology (Berl) 191 (3) (2007) 391-431.

[22] D.D. Garrett, A. Skowron, S. Wiegert, J. Adolf, C.L. Dahle, U. Lindenberger, N. Raz, Lost dynamics and the dynamics of loss: longitudinal compression of brain
signal variability is coupled with declines in functional integration and cognitive performance, Cereb Cortex 31 (11) (2021) 5239-5252.

[23] L. Trillo, D. Das, W. Hsieh, B. Medina, S. Moghadam, B. Lin, V. Dang, M.M. Sanchez, Z. De Miguel, J.W. Ashford, A. Salehi, Ascending monoaminergic systems
alterations in Alzheimer’s disease. Translating basic science into clinical care, Neurosci. Biobehav. Rev. 37 (8) (2013) 1363-1379.

[24] A. Nobili, E.C. Latagliata, M.T. Viscomi, V. Cavallucci, D. Cutuli, G. Giacovazzo, P. Krashia, F.R. Rizzo, R. Marino, M. Federici, P. De Bartolo, D. Aversa, M.
C. Dell’Acqua, A. Cordella, M. Sancandi, F. Keller, L. Petrosini, S. Puglisi-Allegra, N.B. Mercuri, R. Coccurello, N. Berretta, M. D’Amelio, Dopamine neuronal loss
contributes to memory and reward dysfunction in a model of Alzheimer’s disease, Nat. Commun. 8 (2017) 14727.

[25] J.M. Beaulieu, R.R. Gainetdinov, The physiology, signaling, and pharmacology of dopamine receptors, Pharmacol. Rev. 63 (1) (2011) 182-217.

[26] E. Akyuz, A.K. Polat, E. Eroglu, I. Kullu, E. Angelopoulou, Y.N. Paudel, Revisting the role of neurotransmitters in epilepsy: an updated review, Life Sci. 265
(2021) 118826.

[27] LL. Gutierrez, C. Dello Russo, F. Novellino, J.R. Caso, B. Garcia-Bueno, J.C. Leza, J.L.M. Madrigal, Noradrenaline in Alzheimer’s disease: a new potential
therapeutic target, Int. J. Mol. Sci. 23 (11) (2022) 6143.

[28] R. Beardmore, R. Hou, A. Darekar, C. Holmes, D. Boche, The locus coeruleus in aging and Alzheimer’s disease: a postmortem and brain imaging review,

J Alzheimers Dis 83 (1) (2021) 5-22.

[29] M.G. Ziegler, X. Bao, B.P. Kennedy, A. Joyner, R. Enns, Location, development, control, and function of extraadrenal phenylethanolamine N-methyltransferase,
Ann. N. Y. Acad. Sci. 971 (2002) 76-82.

[30] S. Emrani, M. Lamar, C.C. Price, V. Wasserman, E. Matusz, R. Au, R. Swenson, R. Nagele, K.M. Heilman, D.J. Libon, Alzheimer’s/Vascular spectrum dementia:
classification in addition to diagnosis, J Alzheimers Dis 73 (1) (2020) 63-71.

[31] T.F. Rau, A. Kothiwal, A. Rova, J.F. Rhoderick, D.J. Poulsen, Phenoxybenzamine is neuroprotective in a rat model of severe traumatic brain injury, Int. J. Mol.
Sci. 15 (1) (2014) 1402-1417.

[32] H.B.Lin, F.X. Li, J.Y. Zhang, Z.J. You, S.Y. Xu, W.B. Liang, H.F. Zhang, Cerebral-cardiac syndrome and diabetes: cardiac damage after ischemic stroke in diabetic
state, Front. Immunol. 12 (2021) 737170.

[33] A.E. Te, A modern rationale for the use of phenoxybenzamine in urinary tract disorders and other conditions, Clin Ther 24 (6) (2002) 851-861.

11


https://doi.org/10.1016/j.heliyon.2024.e38843
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref1
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref1
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref2
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref2
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref3
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref3
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref3
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref4
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref5
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref6
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref7
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref8
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref8
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref9
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref9
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref10
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref10
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref11
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref12
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref12
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref13
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref14
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref14
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref15
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref15
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref16
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref16
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref17
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref17
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref18
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref19
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref20
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref20
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref21
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref22
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref22
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref23
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref23
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref24
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref24
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref24
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref25
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref26
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref26
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref27
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref27
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref28
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref28
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref29
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref29
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref30
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref30
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref31
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref31
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref32
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref32
http://refhub.elsevier.com/S2405-8440(24)14874-8/sref33

	Differential involvement of central and peripheral catecholamines between Alzheimer’s disease and vascular dementia
	1 Introduction
	2 Research design and methods
	2.1 Animals and ethics
	2.2 Chronic cerebral hypoperfusion model
	2.3 Novel object recognition test
	2.4 Morris water maze test
	2.5 Immunohistochemistry
	2.6 Reagents and chemicals used for LC-MS/MS method
	2.7 Sample preparation and extract procedure
	2.8 LC-MS/MS conditions and quantitative measurement
	2.9 Statistical analysis

	3 Results
	3.1 Cognitive impairment in the early AD and VaD
	3.2 The expression profiles of catecholamines and their metabolites in the different brain regions in AD mice
	3.3 The expression profiles of catecholamines and their metabolites in the different brain regions in VaD rats
	3.4 The serum levels of catecholamines and their metabolites in the animal model of AD and VaD

	4 Discussion
	5 Conclusion
	Consent statement
	Ethics statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


