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Abstract: Increased monoamine oxidase-A (MAO-A) activity in Alzheimer’s disease (AD) may be
detrimental to the point of neurodegeneration. To assess MAO-A activity in AD, we compared four
biomarkers, Aβ plaques, tau, translocator protein (TSPO), and MAO-A in postmortem AD. Radio-
tracers were [18F]FAZIN3 for MAO-A, [18F]flotaza and [125I]IBETA for Aβ plaques, [124/125I]IPPI for
tau, and [18F]FEPPA for TSPO imaging. Brain sections of the anterior cingulate (AC; gray matter GM)
and corpus callosum (CC; white matter WM) from cognitively normal control (CN, n = 6) and AD
(n = 6) subjects were imaged using autoradiography and immunostaining. Using competition with
clorgyline and (R)-deprenyl, the binding of [18F]FAZIN3 was confirmed to be selective to MAO-A
levels in the AD brain sections. Increases in MAO-A, Aβ plaque, tau, and TSPO activity were found
in the AD brains compared to the control brains. The [18F]FAZIN3 ratio in AD GM versus CN GM
was 2.80, suggesting a 180% increase in MAO-A activity. Using GM-to-WM ratios of AD versus CN,
a >50% increase in MAO-A activity was observed (AD/CN = 1.58). Linear positive correlations of
[18F]FAZIN3 with [18F]flotaza, [125I]IBETA, and [125I]IPPI were measured and suggested an increase
in MAO-A activity with increases in Aβ plaques and tau activity. Our results support the finding
that MAO-A activity is elevated in the anterior cingulate cortex in AD and thus may provide a new
biomarker for AD in this brain region.

Keywords: [18]FAZIN3; [18F]flotaza; [125I]IPPI; [18F]FEPPA; human tau; Aβ plaques; Alzheimer’s
disease; monoamine oxidase-A

1. Introduction

Early diagnosis and disease monitoring strategies for Alzheimer’s disease (AD), the
most common type of dementia, are critically important due to its high prevalence in
an aging worldwide population. Characterized by the accumulation of amyloid β (Aβ)
plaques and neurofibrillary tangles (NFT) in the brain [1,2], molecular biomarkers for AD
are now indispensable for the clinical definition of the process and stage of the disease [3].
PET imaging of Aβ plaques is currently being used to monitor drug treatments [4]. There
is now an increased focus on tau as a more accurate early predictive marker for AD
diagnosis. Phosphorylated p-tau immunoassays p-tau181 [5] and p-tau217 [6] confirmed
that plasma p-tau has high sensitivity and specificity to detect AD neuropathology, which
was ascertained with [18F]flortaucipir PET [7,8]. Thus, both Aβ plaque and NFT PET
imaging are now playing a major role in the diagnosis, staging, and treatment evaluations
of AD (Figure 1).
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Figure 1. Aβ, tau, MAO-A, and TSPO in AD Subjects: Schematic showing four biomarkers for AD.
(A). Aβ-plaque (senile plaques, SP) PET imaging agents are currently used in AD subjects. [18F]flotaza
and [125I]IBETA, both Aβ plaque imaging agents, were used in this work. (B). Tau (neurofibrillary
tangles, NFT) PET imaging agents are currently used for in AD subjects. In this work, [124/125I]IPPI
imaging agents were used to evaluate Tau. (C). Translocator protein (TSPO), a biomarker for neu-
roinflammation, is being studied in AD using radiotracers such as [18F]FEPPA. (D). Monoamine
oxidase-A (MAO-A) in AD using [18F]FAZIN3 as a potential new biomarker for neuroinflammation
was investigated in this work.

Neuroinflammation in AD is now regarded as an early indicator of disease [9]. Translo-
cator protein-18 kDa (TSPO) is currently being used as one such biomarker for PET imaging
of neuroinflammation [10]. Alternate molecular targets of inflammation other than TSPO
are now receiving attention for PET radiotracer development [11]. Monoamine oxidase-
A (MAO-A), a pro-oxidative enzyme encoded by the X chromosome and located in the
outer mitochondrial membrane and cytosol, has been suggested as a biomarker for acti-
vated monocytes and macrophages [12]. MAO-A plays a major role in neurotransmitter
degradation in the human brain [13].

MAO-A may play a role in the regulation of neuronal survival in neurodegenerative
disorders [14] as well as monoaminergic dysfunction and mitochondrial dysfunction in
AD [15]. MAO-A gene polymorphisms have been shown to be associated with neurological
changes in AD pathology [16]. An enzymatic assay of MAO-A activity in AD brain
tissue showed an increase or no change in several brain regions [17], while another report
using similar assay methods indicated a decrease in MAO-A activity in the prefrontal
cortex [18]. MAO-A hyperactivity has been shown to be associated with depression,
suggesting MAO-A inhibitors as effective therapeutics against clinical depression and
anxiety [19]. Upregulation of MAO-A has been reported with chronic intermittent hypoxia
and oxidative stress leading to neurodegeneration [20]. To the best of our knowledge, no
imaging studies (autoradiographic or PET) of MAO-A in AD have been reported.

Imaging studies using PET on the isozyme MAO-B have been reported in AD. Initial
studies on MAO-B as an off-target of tau imaging agents and subsequent studies have
shown an increase in MAO-B activity in AD [21,22]. Recent PET imaging findings using
the new reversible MAO-B [18F]SMBT-1 suggest an increase in MAO-B activity in the
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human AD temporal cortex that is concordant with the presence of tau and may suggest
inflammatory changes [23]. This increased MAO-B in AD patients using PET imaging is
consistent with previous studies which found increased MAO-B activity in AD [17,18].

Using autoradiographic imaging methods, we have evaluated MAO-A activity in
postmortem human Parkinson’s disease (PD) brain sections of the anterior cingulate us-
ing [18F]FAZIN3, a new reversible MAO-A inhibitor [24]. Our ongoing multitarget ap-
proach involves comparing Aβ plaque imaging using [18F]flotaza [25], tau imaging using
[125I]IPPI [26], and TSPO imaging for microglia using [18F]FEPPA [27] with [18F]FAZIN3
and [18F]fluoroethyl harmol ([18F]FEH; [28,29]) for MAO-A imaging. The human anterior
cingulate (AC) cortex has been shown to be enriched with MAO-A in PET studies [30],
and this region has abundant accumulation of Aβ plaques [31] and tau [32] in AD patients.
Microglial activity in the anterior cingulate cortex is being investigated in brain disorders
and is therefore a good biomarker to be explored [33]. Because of the presence of these
biomarkers in AC and the important role AC plays in cognitive function [34], this brain
region was chosen for the present study. The four biomarkers were evaluated in cognitively
normal (CN) and AD subjects using autoradiography to assess potential relationships
between the biomarkers in AD (Figure 1).

2. Results
2.1. MAO-A Imaging

[18F]FAZIN3 is a polyethyleneglycol (PEG) fluoroalkyl azaindole derivative and binds
reversibly and selectively to MAO-A [24]. Figure 2 shows images of two AD subjects and
two CN subjects from the list in Table 1. Anti-Aβ IHC of the two AD subjects are shown in
Figure 2A,C, confirming the presence of abundant Aβ plaques in the gray matter regions of
the anterior cingulate. Greater binding of [18F]FAZIN3 was distinctly seen in the anterior
cingulate in both AD subjects (Figure 2B,D), with lower levels in the WM regions.

The average ratio of GM/WM in the six AD subjects was 3.43. Two CN subjects
shown in Figure 2E,G also showed more [18F]FAZIN3 binding in the GM compared to that
in the WM (Figure 2F,H). This is consistent with the presence of MAO-A in the human
anterior cingulate [30]. The ratio of GM/WM in the six CN subjects averaged 2.17. None
of the CN subjects except for CN12-21 (Figure 2E,F) exhibited a presence of Aβ plaques
(Table 1), and this was confirmed using [18F]flotaza and [125I]IBETA [35]. The binding of
[18F]FAZIN3 in the GM and WM of all the AD and CN subjects is shown in Figure 2I, and
the average of the GM and WM in the two groups of subjects is also shown in Figure 2J. The
average [18F]FAZIN3 AD GM-to-CN GM ratio = 2.80, suggesting a significant increase in
[18F]FAZIN3 in AD subjects (p < 0.001). When comparing the GM/WM ratios of AD (3.43)
to those of CN (1.58), a 58% increase in [18F]FAZIN3 binding was observed, suggesting an
increase in MAO-A activity.

It should be noted that subject CN 12-21 was found to exhibit more [18F]FAZIN3
binding compared to other CN subjects, which may be due to the presence of abundant
Aβ plaques (Table 1). This subject was not confirmed to have AD. The exclusion of CN
12-21 from the CN group would further increase the percent difference between the AD
and CN groups.
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Plot of GM and WM of all AD and CN subjects.  [18F]FAZIN3 binding  is seen  in all CN and AD 
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GM regions compared to control subjects. (J). Plot shows averages of all AD and CN subjects (“**** 

= p < 0.0001” for AD GM versus CN GM, unpaired two-tailed t-test and p < 0.05 for AD WM versus 

CN WM; open circles males, solid circles females). Ratio of AD GM/WM = 3.43 whereas CN GM/WM 

= 2.17. Autoradiography scale bar: 0–500 digital light units (DLU)/mm2. 

The average ratio of GM/WM in the six AD subjects was 3.43. Two CN subjects shown 
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Figure 2. MAO-A Imaging of [18F]FAZIN3: (A,C). Anti-Aβ immunostained brain slices (10 µm) of
two AD subjects (AD 12-27 and AD 11-78) showing abundant Aβ plaques (arrows) in the GM regions
of the anterior cingulate (inset shows GM with Aβ plaques). (B,D). Binding of [18F]FAZIN3 in AD
12-27 and AD 11-78 brain slice GM is significantly greater compared to the lower levels in corpus
callosum, WM. (E,G). Brain slices (10 µm) of CN subjects (CN 12-21 and CN 10-39) show GM regions
of anterior cingulate, (F,H). Binding of [18F]FAZIN3 in the CN brain GM and lower levels WM. (I).
Plot of GM and WM of all AD and CN subjects. [18F]FAZIN3 binding is seen in all CN and AD
subjects, with GM showing higher levels compared to WM. AD brains show greater [18F]FAZIN3
in GM regions compared to control subjects. (J). Plot shows averages of all AD and CN subjects
(“**** = p < 0.0001” for AD GM versus CN GM, unpaired two-tailed t-test and p < 0.05 for AD WM
versus CN WM; open circles males, solid circles females). Ratio of AD GM/WM = 3.43 whereas CN
GM/WM = 2.17. Autoradiography scale bar: 0–500 digital light units (DLU)/mm2.



Int. J. Mol. Sci. 2023, 24, 10808 5 of 18

Table 1. Patient samples and data *.

ID CERAD
Pathology Gender Age PMI,

hrs
Brain

Region 1
Plaque
Total

Tangle
Total LB Braak

Score

10-39 CN Male 93 3 AC 0 1 0 I

10-63 CN Male 79 3 AC 0 2.5 0 II

10-70 CN Male 74 3.25 AC 0 2 0 I

12-21 CN 2 Female 88 1.25 AC 14 3.5 0 II

13-40 CN Male 73 4.12 AC 0 2.25 0 II

13-49 CN Female 75 2.5 AC 0 2.5 0 II

11-107 AD Male 71 4.32 AC 14 15 0 VI

11-27 AD Male 89 2.2 AC 12.5 10 0 V

11-38 AD Male 64 2.33 AC 14.5 15 0 VI

11-78 AD Male 82 2.95 AC 14.5 15 0 V

13-10 AD Male 74 2.58 AC 14 14 0 VI

12-27 AD Female 89 2.7 AC 15 15 0 VI

* Frozen brain samples were obtained from Banner Sun Health Institute, Sun City Arizona [30]; CN = cognitively
normal and may include mild-cognitive-impairment (MCI) subjects; AD = Alzheimer’s disease; PMI: postmortem
interval in hours; LB = Lewy bodies. Plaque total: Includes neuritic, cored, and diffuse in the frontal, temporal,
parietal, hippocampal, and entorhinal cortices. Semi-quantitative scores of none, sparse, moderate, and frequent
were converted to numerical values of 0–3 for each region and summed to provide the plaque total. Tangle total:
neurofibrillary tangle density in frontal, temporal, and parietal lobes; hippocampal CA1 region; and entorhinal
cortical regions. Numerical values 0–3 for each region were summed to provide the tangle total. Braak score:
Braak neurofibrillary stage (0–VI) defined in [11,36]. 1 AC: anterior cingulate containing corpus callosum; 2

Microscopic changes of AD; insufficient for AD diagnosis. Brain slices (10 µm thickness) were obtained from the
chunks of frozen tissue on a Leica 1850 cryotome cooled to −20 ◦C and collected on Fisher slides.

In order to further ascertain this increase in MAO-A activity in the six AD sub-
jects, we prepared [18F]FEH, a known fluorine-18 analog of [11C]harmine, a MAO-A
radiotracer [28,29]. All AD and CN subjects exhibited preferential binding in the ante-
rior cingulate (GM) regions. Increased binding of [18F]FEH was observed in AD brains
compared to that in CN brains (Supplementary Figure S1). The average [18F]FEH AD
GM/WM ratio = 1.95, while the average CN GM/WM ratio = 1.50.

Selective binding of [18F]FAZIN3 to MAO-A is shown in Figure 3A–F. Two AD subjects
(11-27 and 13-10) are shown to have abundant Aβ plaques (Figure 3A,B). Significant levels
of [18F]FAZIN3 binding are observed in the GM of both the subjects (Figure 3C,D), which
is also shown in Figure 3I for both the subjects. In the presence of the irreversible MAO-A
inhibitor clorgyline at a concentration of 1 µM, over 90% of [18F]FAZIN3 binding was
displaced in the AD subjects (Figure 3E,F). On the other hand, Figure 3G,H shows little
effect of the irreversible MAO-B inhibitor (R)-deprenyl on [18F]FAZIN3 binding, suggesting
[18F]FAZIN3 as a selective MAO-A radiotracer. Figure 3I shows the extent of the MAO
drug effects on [18F]FAZIN3 binding. All CN subjects exhibited similar drug effects, further
confirming that the observed binding of [18F]FAZIN3 is to MAO-A. This MAO-A selectivity
of [18F]FAZIN3 was also reported previously [24].
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Figure 3. MAO drug effects on [18F]FAZIN3: (A,B). Anti-Aβ AD 11-27 and AD 13-10, 10 µm brain
slice showing abundant Aβ plaques in anterior cingulate (GM). (C,D). MAO-A in GM labeled by
[18F]FAZIN3 in brain sections of AD 11-27 and AD 13-10 (arrows indicate Aβ plaques in (A,B);
inset shows scan of the same brain slices). (E,F). MAO-A drug clorgyline, 1 µM, displaced >90%
[18F]FAZIN3 in adjacent sections of AD 11-27 and AD 13-10. (G,H). MAO-B drug (R)-deprenyl, 1 µM,
had little effect on [18F]FAZIN3 binding in of AD 11-27 and AD 13-10. (I). Plot of [18F]FAZIN3 total
binding, in the presence of (R)-deprenyl and clorgyline in AD subjects showing no effect of (R)-
deprenyl while clorgyline displaced >90% of [18F]FAZIN3 (“*** = p < 0.001” for total versus clorgyline;
total versus (R)deprenyl was not significant. Autoradiography scale bar: 0 to 700 DLU/mm2.

2.2. Aβ Plaque Imaging

[18F]Flotaza is a new fluorinated PEG derivative for Aβ plaque PET imaging and
provides high-contrast imaging of postmortem AD brains [25]. All AD subjects showed
high levels of [18F]flotaza binding in the anterior cingulate regions. Figure 4A shows AD
subject 11-38, confirming the presence of extensive Aβ plaques in the anterior cingulate
GM regions (shown in the inset). The adjacent brain slice for subject AD 11-38 showed
consistent cortical binding of [18F]flotaza corresponding to anti-Aβ (Figure 4B). Further
confirmation of Aβ plaques was achieved by [125I]IBETA, a new Aβ plaque imaging agent
shown in Figure 4C [35]. Similar to the [18F]flotaza and [125I]IBETA binding, [18F]FAZIN3
exhibited binding across the cortical layers of the anterior cingulate (Figure 4D). Figure 4E
shows the presence of Aβ plaques in one CN subject, CN 12-21, using [125I]IBETA. Linear
correlations with r2 = 0.65 and r2 = 0.73 of the GM binding of [18F]FAZIN3 with [18F]flotaza
and [125I]IBETA, respectively (Figure 4F), were seen in all AD subjects, including CN
12-21. The presence of Aβ plaques in CN 12-21 was also confirmed with [18F]flotaza
(Supplementary Figure S2A). Both Aβ-plaque binding agents [18F]flotaza and [125I]IBETA
exhibited a moderate to strong positive relationship with [18F]FAZIN3 binding to MAO-A
(p = 0.01 and p = 0.009, respectively, Figure 4F).
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Figure 4. Aβ Plaque Imaging with [18F]Flotaza, [125I]IBETA, and MAO-A Imaging with [18F]FAZIN3:
(A). AD brain slice of subject AD 11-38 showing anti-Aβ immunostained gray matter (GM) in the
anterior cingulate and a lack of Aβ plaques in white matter (WM) in the corpus callosum (inset shows
Aβ plaques at arrow at 50 µm); (B). [18F]Flotaza binding to Aβ plaques in the gray matter regions in
adjacent slices of subject AD 11-38 (inset shows scan of the brain slice). (C). [125I]IBETA binding to
Aβ plaques in the gray matter regions in adjacent slices of subject AD 11-38 (inset shows scan of the
brain slice). (D). High levels of [18F]FAZIN3 binding in gray matter in adjacent slice of AD 11-38 subject
showing binding to MAO-A in the GM regions (inset shows scan of the brain slice). (E). [125I]IBETA
binding to Aβ plaques in the gray matter regions in CN subject CN 12-21 (inset shows scan of the brain
slice). (F). Linear correlation plot of [18F]flotaza and [125I]IBETA with [18F]FAZIN3 binding in all 6 AD
subjects including the one CN 12-21 subject (dotted circle) shows positive relationship (r2 =0.65, p = 0.01
with [18F]flotaza and r2 =0.73, p = 0.009 with [125I]IBETA). Autoradiography scale bar: 0 to 500 digital
light units (DLU)/mm2 for (B,C) and (E) and 0 to 200 digital light units (DLU)/mm2 for (D).

2.3. Tau Imaging

We developed [125I]IPPI [26], an analog of [18F]MK-6240, for selective binding to tau,
which is useful in autoradiographic studies. More recently, [124I]IPPI was developed as a
potential in vivo PET imaging agent for tau [37]. Figure 5A shows anti-tau in AD subject 13-
10, confirming the presence of NFT in the anterior cingulate GM regions (shown in the inset
and arrow). Figure 5B shows the adjacent brain slice for subject AD 13-10 with binding of
[124I]IPPI in the anterior cingulate regions rich in NFT. The GM regions showed significantly
higher binding compared to that in the WM (Figure 5B). All AD subjects showed high
levels of [125I]IPPI binding in the anterior cingulate regions, although there was greater
variability in the level of binding compared to that in [18F]flotaza and [125I]IBETA for Aβ

plaques. As expected, CN subjects did not have any [125I]IPPI binding in the GM regions
(Supplementary Figure S2). The adjacent section of AD subject 13-10 shows [18F]FAZIN3
binding across the cortical layers of the anterior cingulate (Figure 5C). A positive correlation
(r2 = 0.49) of the GM binding of [125I]IPPI and [18F]FAZIN3 was found in all AD subjects
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but was not significant (Figure 5D). Spearman’s correlation coefficient was also not found
to be significant.
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Figure 5. Tau Imaging with [125I]IPPI, TSPO Imaging with 18F]FEPPA, and MAO-A Imaging with [18F]FAZIN3:
(A). Anti-tau immunohistochemical staining revealed a presence of NFT in the AD 13-10 subject. Inset at 50µm
magnification shows a presence of NFT in the GM (arrow). (B). [124I]IPPI binding to tau was observed in the gray
matter of the adjacent slice of the AD 13-10 subject. Little nonspecific [124I]IPPI binding was seen in WM (inset
shows scan of the brain slice). (C). Binding of [18F]FAZIN3 in gray matter in the adjacent slice of the AD 13-10 subject
shows extensive binding to MAO-A in the GM regions (inset shows scan of the brain slice). (D). Linear regression
plot of [125I]IPPI and [18F]FAZIN3 binding in all 6 AD subjects shows a modest positive correlation (r2 = 0.57) but
not significant (p > 0.05). (E). Brain slices of AD subject 13-10 shows high binding of [18F]FEPPA to TSPO in the
gray matter regions of the anterior cingulate (inset shows scan of the brain slice). (F). Lower levels of [18F]FEPPA
binding are observed in the gray matter of the CN 10-40 subject (inset shows scan of the brain slice). (G). Average of
[18F]FEPPA binding in the GM regions of 6 AD subjects was greater than that of the 6 CN subjects (** p < 0.01; open
circles males, solid circles females). Ratio of AD GM-to-CN GM = 1.65, suggesting increased TSPO expression in
the AD brains. (H). Linear plot of [18F]FEPPA and [18F]FAZIN3 binding in all 6 AD subjects exhibited significant
positive correlation (p < 0.01). Autoradiography scale bar: 0 to 3000 digital light units (DLU)/mm2 for (B,E) and (F)
and 0 to 500 digital light units (DLU)/mm2 for (C).
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2.4. TSPO Imaging

Shown in Figure 5E is the brain slice of AD subject 13-10, showing high binding of
[18F]FEPPA to the TSPO in the gray matter regions of the anterior cingulate. Nonspecific
binding of [18F]FEPPA was observed in the WM. Lower levels of [18F]FEPPA binding were
observed in CN subject 10-40 (Figure 5F). The binding of [18F]FEPPA from the anterior
cingulate was displaced by using PK 11195 (10 µM; [23]). Because of the high levels of
specific binding of [18F]FEPPA in all the subjects, it may be assumed that the subjects
are high-affinity binders. All CN subjects exhibited lower [18F]FEPPA binding in the GM
(Figure 5G) compared to the AD subjects. The increased binding of [18F]FEPPA in the GM
of the AD subjects versus that in the CN subjects was significant (p < 0.01; Figure 5G).
The average GM/WM ratio was 1.85 for the AD subjects and 1.72 for the CN subjects,
suggesting an approximate 11% increase in AD subjects. The ratio of [18F]FEPPA binding
in GM alone of the 6 AD subjects and 6 CN subjects was found to be 1.65. The specific
binding of [18F]FEPPA and [18F]FAZIN3 exhibited a significant, low positive correlation in
the AD subjects, as well as in CN 12-21 (Figure 5H).

The correlation of the GM/WM binding ratios of the four individual biomarkers
in the 6 AD subjects and one CN subject is shown in Figure 6. A positive correlation
of MAO-A with Aβ plaque levels was observed with both [18F]flotaza (Figure 6A) and
[125I]IBETA (Figure 6B) and was found to be significant (p = 0.02 and p = 0.005, respectively).
A stronger MAO-A-to-tau linear regression was seen with the GM/WM ratios of [125I]IPPI
(Figure 6C), compared to when only GM binding was used (Figure 5D). However, in both
cases, the correlation between [125I]IPPI and [18F]FAZIN3 was not found to be significant.
In the case of TSPO, labeled with [18F]FEPPA, there was a lower but significant correlation
that appeared negative (Figure 6D). When Aβ plaque and tau were correlated together
with [18F]FAZIN3, a significant stronger correlation was observed (p = 0.02; Figure 6E).
This positive correlation of MAO-A to both Aβ plaque and tau suggests that at least in
the anterior cingulate cortex, in this limited number of subjects, the three biomarkers
may be positively correlated. However, using one-way ANOVA multiple comparisons, the
correlation of MAO-A levels to Aβ plaque levels was highly significant ([18F]FAZIN3 versus
[18F]flotaza, p = 0.001 and [18F]FAZIN3 versus [125I]IBETA, p = 0.01), whereas [18F]FAZIN3
versus [125I]IPPI and [18F]FEPPA were not significant.

Shown in Figure 7 is the comparison of the binding (GM/WM) of the five radiotracers
with respect to the Braak stages. As expected, the Aβ and tau radiotracers did not exhibit
any binding in Braak stages I and II, except for subject CN12-21, who exhibited significant
presence of Aβ plaques but no tau (Supplementary Figure S2). An increase in Aβ is seen
in Braak stages V and VI with both [18F]flotaza and [125I]IBETA, with GM/WM ratios
>15 at Braak stage VI. Similarly, increases in tau were seen in Braak stages V and VI with
[125I]IPPI GM/WM ratios >5 in Braak stage VI. There was greater variability in the presence
of tau compared to that of the presence Aβ within each of these advanced stages. In the
case of [18F]FAZIN3, there was a gradual increase in the GM/WM ratios, with the highest
being in Braak stage VI. [18F]FEPPA exhibited the least change in its GM/WM ratio at the
different stages.
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Figure 6. Correlation Plots of GM/WM Ratios of [18F]FAZIN3 with other Biomarkers: (A). GM/WM
ratio of [18F]FAZIN3 binding to MAO-A in all the six AD subjects and one CN subject (with positive
Aβ) showed a weak positive correlation (r2 = 0.56; p = 0.018) with the [18F]flotaza GM/WM binding
ratio to Aβ plaques. (B). A better positive correlation (r2 = 0.70; p = 0.005) of the [18F]FAZIN3 GM/WM
ratio was observed with the [125I]IBETA GM/WM binding ratio to Aβ plaques. (C). A good correlation
(r2 = 0.84; p > 0.05, NS) of the [18F]FAZIN3 GM/WM ratio was observed with the [125I]IPPI GM/WM
binding ratio to tau. (D). Binding of the [18F]FAZIN3 GM/WM ratio did not show a positive cor-
relation with the [18F]FEPPA GM/WM binding ratio to TSPO. The trend appeared to be a negative
correlation (r2 = 0.30; p = 0.05). (E). A plot of [18F]flotaza, [125I]IBETA, and [125I]IPPI averages versus the
[18F]FAZIN3 GM/WM ratio provides a good linear regression with high significance (r2 = 0.83; p = 0.02).
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Figure 7. Radiotracer Binding to Different Braak Stages: Ratios of GM/WM of [18F]FAZIN (for
MAO-A), [18F]flotaza (for Aβ plaques), [125I]IBETA (for Aβ plaques), [18F]FEPPA (for TSPO), and
[125I]IPPI (for tau) in CN and AD subjects at Braak I, Braak II, Braak V, and Braak VI are shown.

3. Discussion

Studies in patients suffering from depression found increased levels of MAO-A radio-
tracer [11C]harmine in the anterior cingulate and temporal cortex [38]. Our recent findings
in the postmortem PD anterior cingulate using [18F]FAZIN3 found significant increases
in MAO-A binding [24]. No imaging studies on the status of MAO-A in AD have been
reported. Since the cingulate cortex is amongst one of the brain regions affected by both
Aβ plaques and NFT [31,32], this study evaluated the anterior cingulate in postmortem
AD subjects. Additionally, previous PET imaging reports using the MAO-A radiotracer
[11C]harmine confirmed significant levels of MAO-A in the anterior cingulate of healthy
human subjects [30], and elevated levels of [11C]harmine binding to MAO-A were found in
the anterior cingulate in major depression [38].

At least a 59% increase in [18F]FAZIN3 in AD subjects was observed when comparing
ratios of GM/WM in AD and CN subjects. This increase in [18F]FAZIN3 binding was very
significant and greater than that reported in depressed patients [38]. This is indicative of
an increase in MAO-A in the anterior cingulate cortex in AD (either more MAO-A per
mitochondrion or more mitochondria or more dysphoric mitochondria in AD). It should be
noted that depression was not a comorbidity in the AD subjects. Based on the selectivity of
[18F]FAZIN3 in AD subjects (Figure 3) and our previous finding in PD subjects [24], this
study confirms that the increases reported here are MAO-A and not MAO-B. Although this
is a small study and will need a larger patient sample, our preliminary findings suggest
that a 59% increase in [18F]FAZIN3 binding compared to that of the control subjects in a
postmortem study may be a sufficient increase to detect changes in MAO-A levels in AD.
This will depend, however, on the need to successfully translate the use of [18F]FAZIN3 to
in vivo human PET studies for the evaluation of MAO-A in AD.

Increases in [18F]FAZIN3 binding to MAO-A in AD subjects positively correlated
with Aβ plaques labeled with [18F]flotaza [25] and [125I]IBETA [35]. It is noteworthy that
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one CN subject (CN 12-21) with significant Aβ plaques (Figure 4E) also had higher levels
of [18F]FAZIN3 binding compared to the rest of the CN subjects without Aβ plaques
(Figure 2I and Supplementary Figure S2). Since the formation and accumulation of Aβ

plaques causes an inflammatory response [39], it is likely that cellular pathways trigger
an increase in MAO-A levels [40,41]. This increase in MAO-A levels potentially may
influence several detrimental effects, including depleting neurotransmitter levels and
inducing further neurodegeneration from oxidative processes. It may be noted that the
selective serotonin reuptake inhibitor fluoxetine, a common antidepressant, has been shown
to accumulate in the mitochondria in micromolar concentrations and may be contributing
to secondary mechanisms for its antidepressant effects [42–44].

The presence and spread of NFT in AD is currently being actively pursued as a more
accurate biomarker for the staging of the disease [45]. All AD subjects in this study had
significant levels of [125I]IPPI binding to tau, while the CN subjects had none. Although
there was greater variance in the binding of [125I]IPPI in the AD subjects compared to that
in the [18F]flotaza binding, there was a weak positive correlation (r2 = 0.49) of [125I]IPPI
with [18F]FAZIN3, but it was not significant. For extended PET imaging, iodine-124 IPPI
may serve as a PET imaging for tau (iodine 124 T1/2 = 4.2 days), similar to our efforts on
extended imaging with iodine-124-labeled epidepride and Aβ plaques with [124I]IBETA
and [124I]IAZA [35,38,46,47].

The inflammatory response in AD may include changes in the microglia
morphology—from ramified (resting) to amoeboid (active)—and astrogliosis (manifested
by an increase in the number, size, and motility of astrocytes) surrounding the senile
plaques [48]. Microglia activation, a biomarker for inflammation, is characterized by an
increased expression of TSPO. Postmortem studies and PET studies of AD have shown
significantly elevated TSPO expression in several brain regions [49]. [18F]FEPPA, which
has a high affinity for TSPO, has shown promise in PET studies of AD [50]. In the present
study, although the AD subjects had a marginal increase in [18F]FEPPA binding compared
to the CN subjects, there was a low correlation with [18F]FAZIN3 binding. In contrast,
for MAO-B, there appeared to be a better correlation between deprenyl and PK11195 [23].
Since both MAO-B and TSPO are located in glial cells, a stronger correlation of the two
biomarkers may be expected. On the other hand, the distribution of MAO-A is different
and may be predominantly presynaptic, which could account for the poor correlation
of [18F]FAZIN3 binding to MAO-A with [18F]FEPPA binding to TSPO. However, these
findings are preliminary, and a larger study will be needed to ascertain this. Additional
biomarkers for neuroinflammation will have to be explored for potential correlations with
changes in MAO-A in AD [40,41].

Our results suggest that increases in MAO-A levels appear to strongly correlate with
Aβ plaques and may serve as a complimentary biomarker for AD. The presence of NFT
with SP may further increase the levels of MAO-A. Using measurements of the enzymatic
activity of MAO-A in the prefrontal cortex, it has been suggested that changes in MAO-A
and B levels occur early in AD and remain at the same levels with increasing duration of the
disease [18]. Mitochondrial dysfunction appears to affect both MAO-B and MAO-A [51].
Their potential involvement in the continued accumulation and increase in both SP and
NFT loads as well as in the depletion of neurotransmitter function in the AD brain needs
further studies. Our assessment in this preliminary study suggests that significant increases
in MAO-A levels occur alongside the formation of Aβ plaques and may continue with
the formation of NFT. A direct role of TSPO in increasing MAO-A levels was not found in
this study.

This is an initial imaging study demonstrating that levels of MAO-A in the AD brain
are altered. Limitations of the study include the small number of subjects in advanced stages
of AD. A larger study with more subjects at different disease stages is needed to ascertain
the correlation of MAO-A changes with the progression of disease. Our study here reports
only one brain region; other brain regions, such as the temporal cortex and hippocampus,
need to be studied to assess MAO-A changes. It must also be noted that depressive
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behaviors are often present in AD [52], although our cohort of subjects in this study were
not diagnosed with depression. Since MAO-A appears to be upregulated in depression [38],
our future studies will also have to evaluate earlier, clinically asymptomatic cases of AD.
Finally, attempts are also underway to optimize immunohistochemical staining methods
for MAO-A in adjacent brain slices so that the binding of [18F]FAZIN3 may be compared.

4. Materials and Methods
4.1. General Methods

Iodine-125 sodium iodide was purchased from American Radiolabeled Chemicals,
Inc., St. Louis, MO, USA; iodine-124 sodium iodide was purchased from 3D Imaging,
Little Rock, AR; and fluorine-18 was purchased from PETNET, Inc. Specialty chemicals
MK-6240 and PK 11195 were purchased from AbaChemScene, New Jersey; and clorgyline
and (R)-deprenyl were purchased from Research Biochemicals (Sigma Aldrich, St. Loius,
MO, USA). FEPPA tosylate precursor and PIB (Pittsburgh compound B) were purchased
from ABX Inc., Radeberg, Germany.

4.2. Postmortem Human Brain

Human postmortem brain tissue samples were obtained from Banner Sun Health Re-
search Institute (BHRI), Sun City, AZ, USA, brain tissue repository for in vitro experiments.
Well-characterized frozen brain samples were obtained from BHRI, Sun City Arizona
(Table 1; [53]). Brain tissue samples from AD and cognitively normal (CN) subjects were
selected by observing the presence and absence of end-stage pathology. The brain slices
contained the anterior cingulate and corpus callosum regions (CN, n = 6; ages 81–90 and
AD, n = 6, ages 64–89; Table 1). Brain sections were stored at −80 ◦C. All postmortem
human brain studies were approved by the Institutional Biosafety Committee of University
of California, Irvine.

4.3. Autoradiography

Brain slices were placed in separate incubation chambers and were allowed to thaw
from −80 ◦C to ambient temperature for 10–15 min. Subsequently, they were preincubated
in PBS (pH 7.4) or Tris buffer (pH 7.4) at ambient temperature for 10 min. Fresh PBS buffer
(pH 7.4) or Tris buffer (pH 7.4) containing the respective radiotracer was added to all the
chambers and incubated for 60–90 min. The brain sections were air-dried, exposed (24 h to
7 days, depending on radioisotope) on phosphor screens, and then placed on the Phosphor
Autoradiographic Imaging System (Packard Instruments Co., Boston, MA, USA). Using
the Optiquant acquisition and analysis program (Packard Instruments Co., Boston, MA,
USA), regions of interest were drawn in the gray matter regions of the anterior cingulate
and white matter regions of the corpus callosum. Digital light units/mm2 (DLU/mm2)
were used to quantify the extent of binding. Slides were scanned on a Hewlett Packard
scanner to help delineate regions of the brain sections more clearly. At least n = 3 to 6 tissue
sections per subject, per radiotracer were used for the study.

4.4. MAO-A Imaging

The azaindole derivative [18F]FAZIN3 was prepared in-house, as described previ-
ously [24]. Human brain slices containing the anterior cingulate and corpus callosum
(10 µm thick) were placed in glass chambers and preincubated in PBS buffer for 10 min.
The brain sections (CN and AD) were then incubated with [18F]FAZIN3 (approximately
120 kBq/mL; 1 nM; specific activity >35 GBq/µmol) in PBS at 25 ◦C for 1 h. The slices were
then washed with cold PBS buffer (2 × 5 min) and rinsed with cold deionized water for
2 min. Drug competition studies using 1 µM clorgyline for MAO-A and 1 µM (R)-deprenyl
for MAO-B were carried out on all CN and AD brain sections [26]. The brain sections were
air-dried and exposed overnight on phosphor screens.

[18F]Fluoroethyl harmol ([18F]FEH) was produced in-house, as reported [28,29].
[18F]FEH was in 10% ethanol in sterile saline for in vitro studies. Human brain slices
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containing the anterior cingulate and corpus callosum (10 µm thick) were placed in a glass
chamber and preincubated in PBS buffer for 10 min. The brain sections were placed in a
glass chamber and incubated with [18F]FEH (approximately 37 kBq/mL; 1 nM; specific
activity >35 GBq/µmol) in PBS at 25 ◦C for 1 h. The slices were then washed with cold
buffer (2 × 5 min) and rinsed with cold deionized water for 2 min. The binding of [18F]FEH
to MAO-A was confirmed by the blocking effects of 10 µM clorgyline. The brain sections
were air dried and then exposed overnight on a phosphor film.

4.5. Aβ Plaque Imaging

Purified [18F]flotaza and [125I]IBETA were used for autoradiographic studies [25].
Human brain sections (10 µm thick) were placed in a glass chamber and preincubated in PBS
buffer for 10–15 min. The brain sections were placed in glass chambers and incubated with
[18F]flotaza (approximately 74–111 kBq/mL; 0.5–0.75 nM; specific activity >35 GBq/µmol))
in 40% ethanol-PBS buffer at 25 ◦C for 1.5 h. The slices were then washed with cold PBS
buffer (1 × 5 min), 60% ethanol-PBS buffer (2 × 5 min), PBS buffer (1 × 5 min), and cold
deionized water (2 min), respectively. Nonspecific binding was measured in the presence
of 10 µM PIB. The brain sections were air-dried and then exposed overnight on phosphor
screens. Aβ plaques were also imaged using our recently developed [125I]IBETA (60 mL;
3.7 kBq/mL; 0.2–0.5 nM; specific activity >90 GBq/µmol) using a similar procedure to that
described above [34].

4.6. Tau Imaging

For tau imaging, [125I]IPPI was used for autoradiographic studies [26]. Human brain
tissues from the 6 AD and 6 CN subjects were preincubated in PBS buffer for 15 min.
After the preincubation buffer was discarded, [125I]IPPI in 10% ethanol PBS buffer with
pH 7.4 (60 mL; 3.7 kBq/mL; 0.2–0.5 nM; specific activity >90 GBq/µmol) or [124I]IPPI
(6 kBq/mL; 0.2-0.5 nM; specific activity >200 GBq/µmol)) [37] were added to the chambers
and incubated at 25 ◦C for 1.25 h. Nonspecific binding was measured in separate chambers
in the presence of 1 µM MK-6240. The slices were then washed with cold PBS buffer for 2
min, 50% ethanolic PBS buffer twice for 2 min each, PBS buffer for 2 min, and cold water
for 1 min, respectively. The brain sections were air-dried and then exposed for a week on a
phosphor film.

4.7. TSPO Imaging

The TSPO PET probe [18F]FEPPA, with >95% radiochemical purity and a specific
activity of >70 GBq/µmol (>2 Ci/µmol), was used for autoradiographic studies [54].
Human brain slices from all 6 CN and 6 AD subjects were placed in glass chambers and
preincubated in 0.1 M Tris buffer (pH 7.4) for 10 min. Following preincubation, fresh buffer
was added to the chambers along with [18F]FEPPA (approximately 37–50 kBq/mL; 0.5–0.75
nM; specific activity >15 GBq/µmol) in 0.1 M Tris buffer, pH 7.4 at 25 ◦C, and incubated for
1 h. The slices were then washed with cold Tris buffer (2 × 5 min) and rinsed with cold
deionized water for 2 min. Nonspecific binding was measured in the presence of 10 µM PK
11195. The brain sections were air-dried and then exposed overnight on phosphor screens.

4.8. Immunohistochemistry

Immunostaining of all brain sections was carried out by University of California-Irvine,
Pathology services using Ventana BenchMark Ultra protocols. Neighboring slices were
immunostained with DAKO polyclonal total tau antibody which detects all 6 six isoforms
of tau, dilution 1: 3000, A0024 (Agilent, CA, USA) using reported protocols [55]. For
Aβ plaques, slices from all subjects were immunostained with anti-Aβ Biolegend 803015
(Biolegend, CA, USA), which is reactive to amino acid residue 1-16 of β-amyloid [56]. All
IHC-stained slides were scanned using the Ventana Roche instrumentation and analyzed
using QuPath [37,57].
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4.9. Image Analysis

All regions of interest (ROI) in the anterior cingulate (GM) and corpus callosum
(WM) autoradiographic images of [18F]FAZIN3, [18F]flotaza, [125I]IPPI, [18F]FEPPA, and
[18F]FEH were quantified using measurements (DLU/mm2). Immunostained sections
were analyzed using QuPath. Gray matter (GM) and WM binding of each radiotracer
in the AD and CN subjects were measured, and the GM/WM ratios of the AD and CN
subjects were compared for each radiotracer. Using the ratio method is akin to in vivo PET
methods, where the standard uptake value (SUV) between the target region is compared
to a nonspecific binding reference region as a ratio and expressed as SUVR [58,59]. Group
differences of GM/WM ratios between AD and CN subjects were evaluated using t-tests.
For each radiotracer, the specific binding was calculated by subtracting the WM from
the GM of each individual subject. The specific binding of [18F]FAZIN3 was correlated
to each specific binding of [18F]flotaza, [125I]IPPI, and [18F]FEPPA in order to assess any
relationship between the different biomarkers.

4.10. Statistical Analysis

Group differences between AD and CN subjects were assessed using the average
GM/WM ratios and were determined using Microsoft Excel 16 and GraphPad Prism 9. The
statistical power was determined with Student’s t-test, and p values of <0.05 were consid-
ered to indicate statistical significance. Spearman’s correlation was carried out in certain
cases. The linear correlations and ANOVA analysis of the bindings between the different ra-
diotracers were used to evaluate potential relationships between the different biomarkers.

5. Conclusions

Four different biomarkers, which included Aβ plaques, tau, the translocator protein
for microglia, and MAO-A, were used to study the anterior cingulate cortex of well-
characterized AD subjects. Our results showed that significantly greater MAO-A activity
was present in the anterior cingulate of AD subjects compared to the cognitively normal
controls. This increased MAO-A in AD subjects was positively correlated to Aβ plaque
and tau levels. Early assessment of increased MAO-A levels using PET imaging in AD
patients may provide opportunities for therapeutic interventions by MAO drugs [60]. This
may provide neuroprotection and slow down AD progression. Increased MAO-A levels
did not correlate with the expression of the translocator protein. A larger study with more
subjects at different disease stages is needed in order to ascertain the correlation of MAO-A
imaging with Aβ plaque and tau levels. Other brain regions such as the temporal cortex
and hippocampus need to be studied to assess MAO-A increases.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241310808/s1.

Author Contributions: All authors had full access to all the data in the study and take responsibility
for the integrity of the data and the accuracy of the data analysis. Study concept and design: J.M.
Acquisition of data: A.U.S., K.K.P., C.L., R.M., T.R.M. and J.M. Analysis and interpretation of data:
J.M., A.U.S., V.M.K. and S.T.A. Drafting of the manuscript: J.M. and A.U.S. Statistical analysis: V.M.K.,
J.M. and A.U.S. Obtained funding: J.M. Study supervision: J.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by National Institutes of Health, grant number AG 079189 and
AG 029479.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that supports the findings of this study are available from the
corresponding author for discussions upon reasonable requests.

https://www.mdpi.com/article/10.3390/ijms241310808/s1
https://www.mdpi.com/article/10.3390/ijms241310808/s1


Int. J. Mol. Sci. 2023, 24, 10808 16 of 18

Acknowledgments: Financial support for the project was provided by NIA AG 079189 and AG
029479 (J.M.). We are grateful to the Banner Sun Health Research Institute Brain and Body Donation
Program of Sun City, Arizona for the provision of brain tissue. The Brain and Body Donation Program
is supported by NINDS (U24 NS072026, National Brain and Tissue Resource for Parkinson’s disease
and related disorders), NIA (P30 AG19610, Arizona Alzheimer’s disease core center), the Arizona
Department of Health Services (contract 211002, Arizona Alzheimer’s research center), the Arizona
Biomedical Research Commission (contracts 4001, 0011, 05-901 and 1001 to the Arizona Parkinson’s
disease consortium), and the Michael J. Fox Foundation for Parkinson’s Research. We thank Jeffrey
Kim, Pathology and Laboratory Medicine, University of California-Irvine for immunostaining of
brain sections and Reisha Ladwa for data analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Braak, H.; Thal, D.R.; Ghebremedhin, E.; Tredici, K.D. Stages of the pathologic process in Alzheimer’s disease age categories from

1 to 100 years. J. Neuropathol. Exp. Neurol. 2011, 70, 960–969. [CrossRef]
2. Patterson, C. World Alzheimer Report 2018: The State of the Art of Dementia Research: New Frontiers; Alzheimer’s Disease International

(ADI): London, UK, 2018.
3. Mendez, P.C.; Surace, E.; Bérgamo, Y.; Calandri, I.; Vázquez, S.; Sevlever, G.; Allegri, R.F. Biomarkers for Alzheimers disease.

Where we stand and where we are headed. Medicina 2019, 79, 546–551.
4. Cummings, J.; Aisen, P.; Lemere, C.; Atri, A.; Sabbagh, M.; Salloway, S. Aducanumab produced a clinically meaningful benefit in

association with amyloid lowering. Alzheimer’s Res. Ther. 2021, 13, 98. [CrossRef]
5. Thijssen, E.H.; La Joie, R.; Wolf, A.; Strom, A.; Wang, P.; Iaccarino, L.; Bourakova, V.; Cobigo, Y.; Heuer, H.; Spina, S.; et al.

Diagnostic value of plasma phosphorylated tau181 in Alzheimer’s disease and frontotemporal lobar degeneration. Nat. Med.
2020, 26, 387–397. [CrossRef]

6. Palmqvist, S.; Janelidze, S.; Quiroz, Y.T.; Zetterberg, H.; Lopera, F.; Stomrud, E.; Su, Y.; Chen, Y.; Serrano, G.E.; Leuzy, A.; et al.
Discriminative Accuracy of Plasma Phospho-tau217 for Alzheimer Disease vs Other Neurodegenerative Disorders. JAMA 2020,
324, 772–781. [CrossRef]

7. Janelidze, S.; Mattsson, N.; Palmqvist, S.; Smith, R.; Beach, T.G.; Serrano, G.E.; Chai, X.; Proctor, N.K.; Eichenlaub, U.; Zetterberg,
H.; et al. Plasma P-tau181 in Alzheimer’s disease: Relationship to other biomarkers, differential diagnosis, neuropathology and
longitudinal progression to Alzheimer’s dementia. Nat. Med. 2020, 26, 379–386. [CrossRef]

8. Rodriguez, J.L.; Karikari, T.K.; Suárez-Calvet, M.; Troakes, C.; King, A.; Emersic, A.; Aarsland, D.; Hye, A.; Zetterberg, H.;
Blennow, K.; et al. Plasma p-tau181 accurately predicts Alzheimer’s disease pathology at least 8 years prior to post-mortem and
improves the clinical characterisation of cognitive decline. Acta Neuropathol. 2020, 140, 267–278. [CrossRef]

9. Suescun, J.; Chandra, S.; Schiess, M.C. The role of neuroinflammation in neurodegenerative disorders. In Translational Inflammation;
Academic Press: Cambridge, MA, USA, 2019; Chapter 13; pp. 241–267. [CrossRef]

10. Werry, E.L.; Bright, F.M.; Piguet, O.; Ittner, L.M.; Halliday, G.M.; Hodges, J.R.; Kiernan, M.C.; Loy, C.T.; Kril, J.J.; Kassiou, M.
Recent developments in TSPO PET imaging as a biomarker of neuroinflammation in neurodegenerative disorders. Int. J. Mol. Sci.
2019, 20, 3161. [CrossRef]

11. Jain, P.; Chaney, A.M.; Carlson, M.L.; Jackson, I.M.; Rao, A.; James, M.L. Neuroinflammation PET imaging: Current opinion and
future directions. J. Nucl. Med. 2020, 61, 1107–1112. [CrossRef]

12. Cathcart, M.K.; Bhattacharjee, A. Monoamine oxidase A (MAO-A): A signature marker of alternatively activated mono-
cytes/macrophages. Inflamm. Cell Signal. 2014, 1, e161. [CrossRef]

13. Yeung, A.W.K.; Georgieva, M.G.; Atanasov, A.G.; Tzvetkov, N.T. Monoamine oxidases (MAOs) as privileged molecular targets in
Neuroscience: Research literature analysis. Front. Mol. Neurosci. 2019, 12, 143. [CrossRef]

14. Naoi, M.; Maruyama, W.; Inaba-Hasegawa, K.; Akao, Y. Type A monoamine oxidase regulates life and death of neurons in
neurodegeneration and neuroprotection. Int. Rev. Neurobiol. 2011, 100, 85–106.

15. Wong, K.Y.; Roy, J.; Fung, M.L.; Heng, B.C.; Zhang, C.; Lim, L.W. Relationships between mitochondrial dysfunction and
neurotransmission failure in Alzheimer’s disease. Aging Dis. 2020, 11, 1291–1316. [CrossRef]

16. Takehashi, M.; Tanaka, S.; Masliah, E.; Ueda, K. Association of monoamine oxidase A gene polymorphism with Alzheimer’s
disease and Lewy body variant. Neurosci. Lett. 2002, 327, 79–82. [CrossRef]

17. Sherif, F.; Gottfries, C.G.; Alafuzoff, I.; Oreland, L. Brain gamma-aminobutyrate aminotransferase (GABA-T) and monoamine
oxidase (MAO) in patients with Alzheimer’s disease. J. Neural Transm. Park. Dis. Dement. Sect. 1992, 4, 227–240. [CrossRef]

18. Kennedy, B.P.; Ziegler, M.G.; Alford, M.; Hansen, L.A.; Thal, L.J.; Masliah, E. Early and persistent alterations in prefrontal cortex
MAO A and B in Alzheimer’s disease. J. Neural Transm. 2003, 110, 789–801. [CrossRef]

https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.1186/s13195-021-00838-z
https://doi.org/10.1038/s41591-020-0762-2
https://doi.org/10.1001/jama.2020.12134
https://doi.org/10.1038/s41591-020-0755-1
https://doi.org/10.1007/s00401-020-02195-x
https://doi.org/10.1016/B978-0-12-813832-8.00013-3
https://doi.org/10.3390/ijms20133161
https://doi.org/10.2967/jnumed.119.229443
https://doi.org/10.14800/ics.161
https://doi.org/10.3389/fnmol.2019.00143
https://doi.org/10.14336/AD.2019.1125
https://doi.org/10.1016/S0304-3940(02)00258-6
https://doi.org/10.1007/BF02260906
https://doi.org/10.1007/s00702-003-0828-6


Int. J. Mol. Sci. 2023, 24, 10808 17 of 18

19. Baldinger-Melich, P.; Gryglewski, G.; Philippe, C.; James, G.M.; Vraka, C.; Silberbauer, L.; Balber, T.; Vanicek, T.; Pichler, V.;
Unterholzner, J.; et al. The effect of electroconvusive therapy on cerebral monoamine oxidase A expression in treatment-resistent
depression investigated using positron emission tomography. Brain Stimul. 2019, 12, 713–723. [CrossRef]

20. Lam, C.-S.; Li, J.-J.; Tipoe, G.L.; Youdim, M.B.H.; Fung, M.-L. Monoamine oxidase A upregulated by chronic intermittent hypoxia
activates indoleamine-2,3-dioxygenase and neurodegeneration. PLoS ONE 2017, 12, e0177940. [CrossRef]

21. Lemoine, L.; Saint-Aubert, L.; Nennesmo, I.; Gillberg, P.-G.; Nordberg, A. Cortical laminar tau deposits and activated astrocytes
in Alzheimer’s disease visualized by 3H-THK5117 and 3H-deprenyl autoradiography. Sci. Rep. 2017, 7, 45496. [CrossRef]

22. Ni, R.; Rojdner, J.; Voytenko, L.; Dyrks, T.; Thiele, A.; Marutle, A.; Nordberg, A. In vitro characterization of the regional binding
distribution of amyloid PET tracer florbetaben and the glia tracers deprenyl and PK11195 in autopsy Alzheimer’s brain tissue. J.
Alzheimer’s Dis. 2021, 80, 1723–1737. [CrossRef]

23. Villemagne, V.L.; Harada, R.; Doré, V.; Furumoto, S.; Mulligan, R.; Kudo, Y.; Burnham, S.; Krishnadas, N.; Bozinovski, S.; Huang,
K.; et al. First-in-humans evaluation of 18F-SMBT-1, a novel 18F-labeled monoamine oxidase-B PET tracer for imaging reactive
astrogliosis. J. Nucl. Med. 2022, 63, 1551–1560. [CrossRef]

24. Mukherjee, J.; Ladwa, R.M.; Liang, C.; Syed, A.U. Elevated monoamine oxidase-A in anterior cingulate of postmortem human
Parkinson’s disease: A potential surrogate biomarker for Lewy bodies? Cells 2022, 11, 4000. [CrossRef]

25. Kaur, H.; Felix, M.R.; Liang, C.; Mukherjee, J. Development and evaluation [18F]Flotaza for Aβ plaque imaging in post-mortem
Alzheimer’s disease brain. Bioorg. Med. Chem. Lett. 2021, 46, 128164. [CrossRef]

26. Mukherjee, J.; Liang, C.; Patel, K.K.; Lam, P.Q.; Mondal, R. Development and evaluation [125I]IPPI for tau imaging in post-mortem
human Alzheimer’s disease brain. Synapse 2021, 74, e22183.

27. Suridjan, I.; Pollock, B.G.; Verhoeff, N.P.; Voineskos, A.N.; Chow, T.; Rusjan, P.M.; Lobaugh, N.J.; Houle, S.; Mulsant, B.H.; Mizrahi,
R. In-vivo imaging of grey and white matter neuroinflammation in Alzheimer’s disease: A positron emission tomography study
with a novel radioligand, [18F]-FEPPA. Mol. Psychiatry 2015, 20, 1579–1587. [CrossRef]

28. Maschauer, S.; Haller, A.; Riss, P.; Kuwert, T.; Prante, O.; Cumming, P. Specific binding of [18F]fluoroethyl-harmol to monoamine
oxidase A in rat brain cryostat sections and compartmental analys.is of binding in living brain. J. Neurochem. 2015, 135, 908–917.
[CrossRef]

29. Syed, A.U.; Liang, C.; Mukherjee, J. [18F]Fluoroethylharmol: Improved Radiosynthesis and Evaluation of Monoamine Oxidase-A
in Human Alzheimer’s and Parkinson’s Disease. J. Nucl. Med. 2021, 62 (Suppl. S1), 1628.

30. Zanderigo, F.; D’Agostino, A.E.; Josh, N.; Schain, M.; Kumar, D.; Parsey, R.V.; DeLorenzo, C.; Mann, J.J. [11C]Harmine binding to
brain monoamine oxidase A: Test-retest properties and noninvasive quantification. Mol. Imag. Biol. 2018, 20, 667–681. [CrossRef]

31. Palmqvist, S.; Scholl, M.; Strandberg, O.; Mattson, N.; Stomrud, E.; Zetterburg, H.; Blennow, K.; Landau, S.; Jagust, W.; Hansson,
O. Earliest accumulation of b-amyloid occurs within the default-mode network and concurrently affects brain connectivity. Nat.
Commun. 2018, 8, 1214. [CrossRef]

32. Krishnadas, N.; Huang, K.; Schultz, S.A.; Dore, V.; Bourgeat, P.; Goh, A.M.Y.; Lamb, F.; Bozinovski, S.; Burnham, S.C.; Robertson,
J.S.; et al. Visually identified Tau 18F-MK6240 PET patterns in symptomatic Alzheimer’s disease. J. Alzheimer’s Dis. 2022, 88,
1627–1637. [CrossRef]

33. Cakmak, J.D.; Liu, L.; Poirier, S.E.; Schaefer, B.; Poolacheria, R.; Burham, A.M.; Sabesan, P.; Lawrence, K.S.; Thebarge, J.; Hicks,
J.W.; et al. The functional and structural associations of aberrant microglial activity in major depressive disorder. J. Psychiatry
Neurosci. 2022, 47, E197–E208. [CrossRef] [PubMed]

34. Stevens, F.L.; Hurley, R.A.; Taber, K.H. Anterior cingulate cortex: Unique role in cognition and emotion. J. Neuropsychiatry Clin.
Neurosci. 2011, 23, 120–125. [CrossRef] [PubMed]

35. Nguyen, G.A.H.; Liang, C.; Mukherjee, J. [124I]IBETA, a new Ab amyloid plaque PET imaging agent for Alzheimer’s disease.
Molecules 2022, 27, 4552. [CrossRef] [PubMed]

36. Hyman, B.T.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Carrillo, M.C.; Dickson, D.W.; Duyckaerts, C.; Frosch,
M.P.; Masliah, E.; et al. National institute on aging-Alzheimer’s association guidelines for the neuropathologic assessment of
Alzheimer’s disease. Alzheimers Dement. 2012, 8, 1–13. [CrossRef]

37. Mondal, R.; Sandhu, Y.K.; Kamalia, V.M.; Delaney, B.A.; Syed, A.U.; Nguyen, G.A.H.; Moran, T.R.; Limpengco, R.R.; Liang, C.;
Mukherjee, J. Measurement of Ab amyloid and Tau in postmortem human Alzheimer’s disease brain by immunohistochemistry
analysis using QuPath and autoradiography using [18F]flotaza, [125I]IBETA and [124/125I]IPPI. Biomedicines 2023, 11, 1033.
[CrossRef] [PubMed]

38. Meyer, J.H.; Ginovart, N.; Boovariwala, A.; Sagrati, S.; Hussey, D.; Garcia, A.; Young, T.; Rieder, N.; Wilson, A.A.; Houle, S.
Elevated monoamine oxidase A levels in the brain- An explanation for the monoamine imbalance of major depression. Arch. Gen.
Psychiatry 2016, 63, 1209–1216. [CrossRef] [PubMed]

39. Kinney, J.W.; Bemiller, S.M.; Murtshaw, A.S.; Leisgang, A.M.; Salazar, A.M.; Lamb, B.T. Inflammation as a central mechanism in
Alzheimer’s disease. Alzheimers Dement. 2018, 4, 575–590. [CrossRef]

40. Kim, D.; Baik, S.H.; Kang, S.; Cho, S.W.; Bae, J.; Cha, M.-Y.; Sailor, M.J.; Mook-Jung, I.; Ahn, K.H. Close correlation of monoamine
oxidase activity with progress of Alzheimer’s disease in mice, observed by in vivo two-photon imaging. ACS Cent. Sci. 2016,
2, 967–975. [CrossRef]

https://doi.org/10.1016/j.brs.2018.12.976
https://doi.org/10.1371/journal.pone.0177940
https://doi.org/10.1038/srep45496
https://doi.org/10.3233/JAD-201344
https://doi.org/10.2967/jnumed.121.263254
https://doi.org/10.3390/cells11244000
https://doi.org/10.1016/j.bmcl.2021.128164
https://doi.org/10.1038/mp.2015.1
https://doi.org/10.1111/jnc.13370
https://doi.org/10.1007/s11307-018-1165-3
https://doi.org/10.1038/s41467-017-01150-x
https://doi.org/10.3233/JAD-215558
https://doi.org/10.1503/jpn.210124
https://www.ncbi.nlm.nih.gov/pubmed/35654450
https://doi.org/10.1176/jnp.23.2.jnp121
https://www.ncbi.nlm.nih.gov/pubmed/21677237
https://doi.org/10.3390/molecules27144552
https://www.ncbi.nlm.nih.gov/pubmed/35889425
https://doi.org/10.1016/j.jalz.2011.10.007
https://doi.org/10.3390/biomedicines11041033
https://www.ncbi.nlm.nih.gov/pubmed/37189652
https://doi.org/10.1001/archpsyc.63.11.1209
https://www.ncbi.nlm.nih.gov/pubmed/17088501
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1021/acscentsci.6b00309


Int. J. Mol. Sci. 2023, 24, 10808 18 of 18

41. Quartey, M.O.; Nyarko, J.N.K.; Pennington, P.R.; Heistad, R.M.; Klassen, P.C.; Bake, G.B.; Mousseau, D.D. Alzheimer disease
and selected risk factors disrupt a co-regulation of monoamine oxidase-A/B in the hippocampus, but not in the cortex. Front.
Neurosci. 2018, 12, 419. [CrossRef]

42. Mukherjee, J.; Yang, Z.-Y. Monoamine oxidase A inhibition by fluoxetine (Prozac): An in vitro and in vivo study. Synapse 1999,
31, 285–289. [CrossRef]

43. Das, M.K.; Mukherjee, J. Radiosynthesis of [F-18]fluoxetine as a potential radiotracer of serotonin reuptake-sites. Int. J. Appl.
Radiat. Isot. 1993, 44, 835–842. [CrossRef]

44. Mukherjee, J.; Das, M.K.; Yang, Z.-Y.; Lew, R. Evaluation of the binding of the radiolabeled antidepressant drug, 18F-fluoxetine
(18F-Prozac) in the rodent brain: An in vitro and in vivo study. Nucl. Med. Biol. 1998, 25, 605–610. [CrossRef] [PubMed]

45. Moloney, C.M.; Lowe, V.J.; Murray, M.E. Visualization of neurofibrillary tangle maturity in Alzheimer’s disease: A clinicopatho-
logic perspective for biomarker research. Alzheimers Dement. 2021, 17, 1554–1574. [CrossRef] [PubMed]

46. Pandey, S.K.; Venugopal, A.; Kant, R.; Coleman, R.A.; Mukherjee, J. 124I-Epidepride: A high affinity and selective PET radiotracer
with potential for extended imaging of dopamine D2/D3 receptors. Nucl. Med. Biol. 2014, 41, 426–431. [CrossRef] [PubMed]

47. Reddy, T.T.; Iguban, M.H.; Melkonyan, L.; Shergill, J.; Liang, C.; Mukherjee, J. Development and evaluation of [124/125I]IAZA as a
new proteinopathy imaging agent for Alzheimer’s disease. Molecules 2023, 28, 865. [CrossRef] [PubMed]

48. Clayton, K.A.; Van Enoo, A.A.; Ikezu, T. Alzheimer’s disease: The role of microglia in brain homeostasis and proteopathy. Front.
Neurosci. 2017, 11, 680. [CrossRef]

49. Gui, Y.; Marks, J.D.; Das, S.; Hyman, B.T.; Serrano-Pozo, A. Characterization of the 18 kDa translocator protein (TSPO) expression
in post-mortem normal and Alzheimer’s disease brains. Brain Pathol. 2020, 30, 151–164. [CrossRef]

50. Knezevic, D.; Verhoeff, N.P.L.; Hafizi, S.; Strafella, A.P.; Graff-Guerrero, A.; Rajji, T.; Pollock, B.G.; Houle, S.; Rusjan, P.M.; Mizrahi,
R. Imaging microglial activation and amyloid burden in amnestic mild cognitive impairment. J. Cereb. Blood Flow Metab. 2018,
38, 1885–1895. [CrossRef]

51. Reiss, A.B.; Ahmed, S.; Dayaramani, C.; Glass, A.D.; Gomolin, I.H.; Pinkhasov, A.; Stecker, M.M.; Wisniewski, T.; De Leon, J. The
role of mitochondrial dysfunction in Alzheimer’s disease: A potential pathway to treatment. Exp. Gerontol. 2022, 164, 111828.
[CrossRef]

52. Correia, A.S.; Vale, N. Antidepressants in Alzheimer’s disease: A focus on the role of mirtazapine. Pharmaceuticals 2021, 14, 930.
[CrossRef]

53. Beach, T.G.; Adler, C.H.; Sue, L.I.; Serrano, G.; Shill, H.A.; Walker, D.G.; Lue, L.; Roher, A.E.; Dugger, B.N.; Maarouf, C.; et al.
Arizona study of aging and neurodegenerative disorders and brain and body donation program. Neuropathology 2015, 35, 354–389.
[CrossRef]

54. Vignal, N.; Cisternino, S.; Rizzo-Padoin, N.; San, C.; Hontonnou, F.; Gele, T.; Decleves, X.; Sarda-Mantel, L.; Hosten, B. [18F]FEPPA
a TSPO radioligand: Optimized radiosynthesis and evaluation as a PET radiotracer for brain inflammation in a peripheral
LPS-injected mouse model. Molecules 2018, 23, 1375. [CrossRef]

55. Ercan, E.; Eid, S.; Weber, C.; Kowalski, A.; Bichmann, M.; Behrendt, A.; Matthes, F.; Krauss, S.; Reinhardt, P.; Fulle, S.; et al.
A validated antibody panel for the characterization of tau post-translational modifications. Mol. Neurodegener. 2017, 12, 87.
[CrossRef]

56. Abramowski, D.; Rabe, S.; Upadhaya, A.R.; Reichwald, J.; Danner, S.; Staab, D.; Capetillo-Zarate, E.; Yamaguchi, H.; Saido, T.C.;
Wiederhold, K.H.; et al. Transgenic expression of intraneuronal Ab42 but not Ab40 leads to cellular Ab lesions, degeneration and
functional impairment without typical Alzheimer’s disease pathology. J. Neurosci. 2012, 25, 1273–1283. [CrossRef]

57. Bankhead, P.; Loughrey, M.B.; Fernández, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]

58. Liang, C.; Nguyen, G.A.H.; Danh, T.B.; Sandhu, A.K.; Melkonyan, L.L.; Syed, A.U.; Mukherjee, J. Abnormal [18F]Nifene binding
in transgenic 5xFAD mouse model of Alzheimer’s disease: In vivo PET/CT imaging studies of α4β2* nicotinic acetylcholinergic
receptors and in vitro correlations with Aβ plaques. Synapse 2023, 77, e22265. [CrossRef]

59. Campoy, A.-D.T.; Liang, C.; Ladwa, R.M.; Patel, K.K.; Patel, I.H.; Mukherjee, J. [18F]Nifene PET/CT imaging in mice: Im-
proved methods and preliminary studies of α4β2* nicotinic acetylcholinergic receptors in transgenic A53T mouse model of
α-synucleinopathy and post-mortem human Parkinson’s disease. Molecules 2021, 26, 7360. [CrossRef]

60. Behl, T.; Kaur, D.; Shegal, A.; Singh, S.; Sharma, N.; Zenging, G.; Andronie-Cioara, F.L.; Toma, M.M.; Bungau, S.; Bumbu, A.G.
Role of monoamine oxidase activity in Alzheimer’s disease: An insight into the therapeutic potential of inhibitors. Molecules 2021,
26, 3724. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fnins.2018.00419
https://doi.org/10.1002/(SICI)1098-2396(19990315)31:4&lt;285::AID-SYN6&gt;3.0.CO;2-5
https://doi.org/10.1016/0969-8043(93)90025-6
https://doi.org/10.1016/S0969-8051(98)00043-2
https://www.ncbi.nlm.nih.gov/pubmed/9804041
https://doi.org/10.1002/alz.12321
https://www.ncbi.nlm.nih.gov/pubmed/33797838
https://doi.org/10.1016/j.nucmedbio.2014.01.011
https://www.ncbi.nlm.nih.gov/pubmed/24602412
https://doi.org/10.3390/molecules28020865
https://www.ncbi.nlm.nih.gov/pubmed/36677925
https://doi.org/10.3389/fnins.2017.00680
https://doi.org/10.1111/bpa.12763
https://doi.org/10.1177/0271678X17741395
https://doi.org/10.1016/j.exger.2022.111828
https://doi.org/10.3390/ph14090930
https://doi.org/10.1111/neup.12189
https://doi.org/10.3390/molecules23061375
https://doi.org/10.1186/s13024-017-0229-1
https://doi.org/10.1523/JNEUROSCI.4586-11.2012
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1002/syn.22265
https://doi.org/10.3390/molecules26237360
https://doi.org/10.3390/molecules26123724

	Introduction 
	Results 
	MAO-A Imaging 
	A Plaque Imaging 
	Tau Imaging 
	TSPO Imaging 

	Discussion 
	Materials and Methods 
	General Methods 
	Postmortem Human Brain 
	Autoradiography 
	MAO-A Imaging 
	A Plaque Imaging 
	Tau Imaging 
	TSPO Imaging 
	Immunohistochemistry 
	Image Analysis 
	Statistical Analysis 

	Conclusions 
	References



