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Abstract
Background

Several neurotransmitter receptors activate signaling pathways that alter processing of the
amyloid precursor protein (APP) into -amyloid (Ap). Serotonin signaling through a subset of
serotonin receptors suppresses AP generation. We proposed that escitalopram, the most spe-
cific selective serotonin reuptake inhibitor (SSRI) that inhibits the serotonin transporter SERT,
would suppress AP levels in mice.

Objectives
We hypothesized that acute treatment with escitalopram would reduce AP generation, which
would be reflected chronically with a significant reduction in A plaque load.

Methods

We performed in vivo microdialysis and in vivo 2-photon imaging to assess changes in brain
interstitial fluid (ISF) AP and AP plaque size over time, respectively, in the APP/presenilin 1
mouse model of Alzheimer disease treated with vehicle or escitalopram. We also chronically
treated mice with escitalopram to determine the effect on plaques histologically.

Results

Escitalopram acutely reduced ISF AP by 25% by increasing a-secretase cleavage of APP. Chronic
administration of escitalopram significantly reduced plaque load by 28% and 34% at 2.5 and 5
mg/d, respectively. Escitalopram at 5 mg/kg did not remove existing plaques, but completely
arrested individual plaque growth over time.

Conclusions
Escitalopram significantly reduced AP in mice, similar to previous findings in humans treated
with acute dosing of an SSRIL
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Glossary

AP = B-amyloid; AD = Alzheimer disease; APP = amyloid precursor protein; ISF = interstitial fluid; PBS = phosphate-buffered
saline; PS1 = presenilin 1; SSRI = selective serotonin reuptake inhibitor.

Alzheimer disease (AD) is the most common cause of de-
mentia, with an incidence that doubles every S years after 65
years of age and typically leads to death within 7-8 years of
diagnosis." The prevalence across all world regions is pro-
jected to increase dramatically in the next decades to 130
million patients by midcentury, unless preventive measures
are developed.” AD is characterized by the accumulation of
B-amyloid (AP) plaques and oligomers as well as tau neu-
rofibrillary tangles. Aggregation of the AP peptide is
concentration-dependent, with high levels being much
more likely to form higher-ordered, toxic species. Amyloid
plaques and soluble AP oligomers exist within the brain
extracellular space. Whereas the initial aggregation seed may
form intracellularly or extracellularly,>* it appears that sol-
uble AP within the brain extracellular space, or interstitial
fluid (ISF), is one source that contributes to these toxic
species.s’6 Consequently, mechanisms that regulate AP
levels could be therapeutic targets to maintain low levels of
the peptide to reduce or eliminate toxic A species from the
brain.

AP levels are regulated by multiple mechanisms. Synaptic
transmission leads to AP generation at or near the presynaptic
terminal, which is then released into the ISF.”™ Activation of
certain neurotransmitter receptors, such as M1 muscarinic
acetylcholine receptors,10 NMDA receptors,”’12 and AMPA
receptors,">'* can alter amyloid precursor protein (APP)
processing, which affects AP generation. Direct infusion of
serotonin into the brain, or treatment with a selective sero-
tonin reuptake inhibitor (SSRI) antidepressant, also decreases
AP acutely in brain by reducing AB production with no ob-
vious effect on AP clearance."”® Our group and others have
found in mice and humans that NMDA and G-coupled
serotonin receptors 5S-HT,, 5-HT,, and 5-HT activate the
ERK signaling cascade,'® which increases a-secretase enzy-
matic activity to reduce Ap levels.'"'>'579

Long-term reductions in AP levels in many cases reduces the
aggregation of peptide into plaques in mice and humans.
Chronic SSRI treatment over the course of 4 months in APP/
presenilin 1 (PS1) mice reduced AB plaque load in the hip-
pocampus and cortex by 50%." Similar reductions in AR were
demonstrated by SSRI treatment in the 3xTg AD mouse
model.”° In a retrospective study, humans with a history of
SSRI use to treat depression had less Pittsburgh compound B
binding in the brain'® and acute studies in humans demon-
strated a significant reduction in CSF AP in young, cognitively
normal participants following a single dose of an SSRI. Sim-
ilarly, in this issue of Neurology®, Sheline et al.*! demonstrate
that subchronic dosing of escitalopram for 2 weeks or 8 weeks
also suppresses CSF AP levels significantly.
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SSRI antidepressants are commonly used Food and Drug
Administration-approved drugs with a reasonable safety re-
cord with long-term use. Given that serotonin signaling is one
synaptic mechanism that regulates AP, we proposed that the
SSRI escitalopram, the most selective drug in this class for
blocking serotonin reuptake as opposed to norepinephrine,**
would suppress brain AP levels and reduce plaque load in
mice. In the current study, we determined the acute effects of
escitalopram on APP processing and AP metabolism in APP
transgenic mice using in vivo microdialysis. In addition, we
prospectively determined the chronic effects of escitalopram
on plaque burden and individual plaque growth over time.

Methods

Mouse studies

We bred APP/PSI*/~ hemizygous mice™ to wild-type C3H/
B6 mice (Jackson Labs, Bar Harbor, Maine). These mice har-
bored the PSIAE9 deletion and the human APP Swedish
mutation, inserted into a single locus. Male and female litter-
mate mice were equally distributed between all experimental
groups. For multiphoton studies, 6-month-old mice were ran-
domly entered into 3 study arms: (1) escitalopram S mg/kg,
(2) escitalopram 2.5 mg/kg, or (3) vehicle (2% DMSO in
normal saline), injected intraperitoneally, QD for 28 days.
Multiphoton imaging was performed on the day before the first
injection, and after the last injection (see below).

Standard protocol approvals

All experimental procedures involving animals were per-
formed in accordance with guidelines established by the An-
imal Studies Committee at Washington University.

In vivo microdialysis

In vivo microdialysis to assess brain ISF AP in the hippocampus
of awake, freely moving APP/PS] *~ mice was performed
similarly to previously described methods.">** This technique
samples soluble molecules within the extracellular fluid that are
smaller than 38 kilodaltons, the molecular weight cutoff of the
probe membrane. AP capable of entering the probe has been
termed exchangeable Af or eAp.

Under isoflurane volatile anesthetic, guide cannula (BR-style,
Bioanalytical Systems, Indianapolis, IN) were cemented above
the left hippocampus (3.1 mm behind bregma, 2.5 mm lateral to
midline, and 1.2 mm below dura at a 12° angle). Two-millimeter
microdialysis probes were inserted through the guides so the
membrane was contained entirely within the hippocampus (BR-
2, 30-kilodalton MWCO membrane, Bioanalytical Systems).
Microdialysis perfusion buffer was artificial CSF (perfusion
buffer in mM: 1.3 CaCl,, 1.2 MgSO,, 3 KCl, 0.4 KH,PO,, 25
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NaHCO3;, and 122 NaCl, pH 7.35) containing 15% bovine
serum albumin (Sigma, St. Louis, MO) that was filtered through
a 0.22 uM membrane. Flow rate was a constant 1.0 yL/minute.
Samples were collected every 60—90 minutes with a refrigerated
fraction collector into polypropylene tubes and assessed for AP,
40 by ELISA at the completion of each experiment. Basal con-
centrations of ISF AP were defined as the mean concentration of
AP over the 9 hours preceding drug treatment. Once basal ISF
AP concentrations were established, APP/PSI mice were ad-
ministered either vehicle (phosphate-buffered saline [PBS]) or
citalopram (R, S mixture), escitalopram 2.5 mg/kg, escitalo-
pram S mg/kg, or R-citalopram. After drug treatment, ISF A
concentrations were sampled every 60 minutes for an additional
24 hours, then all samples were assayed for AP concentration by
sandwich ELISA. All ISF AP concentrations were normalized to
the basal AP concentration in each mouse.

Secretase assays

Enzymatic activity of a-secretase and B-secretase was mea-
sured using FRET-based cleavage assays (R&D Systems,
Minneapolis, MN). Hippocampal tissue was isolated from
3-month-old APP/PS1 hemizygous mice treated with escita-
lopram (S mg/kg) or vehicle (PBS) and killed 8 hours later.
Tissue was lysed in Cell Extraction Buffer (Novagen, Madi-
son, WI) by mechanical homogenization. Cell extracts were
incubated with secretase-specific peptides conjugated to the
reporter molecules EDANS and DABCYL for 15-30 minutes.
EDANS fluorescence was read on a Cytation S-microtiter
plate reader (BioTek, Winooski, VT).

AB sandwich ELISA

ISF AP concentrations were assessed using sandwich ELISAs
as described."® Briefly, a mouse anti-AB,, antibody (mHJ2) or
mouse anti-AB,, antibody (mHJ7.4) was used to capture and
a biotinylated central domain antibody (mHJS.1) was used to
detect, followed by streptavidin-poly-HRP-40 (Fitzgerald
Industries, Concord, MA). All ELISA assays were developed
using Super Slow ELISA TMB (Sigma) and absorbance read
on a Bio-Tek Epoch plate reader at 650 nm. The standard
curve for each assay utilized synthetic human A, 4o peptide
(American Peptide, Sunnyvale, CA).

Chronic escitalopram administration

Beginning at 4 months of age, APP-PSI hemizygous female
mice were administered normal drinking water (vehicle) or 5
mg/kg/d escitalopram or 2.5 mg/kg/d escitalopram in
drinking water for a total of 4 months. Littermate mice were
divided equally between the treatment groups. Mice were
housed 3-5 animals per cage. Volume of water drunk per cage
and animal body weight were tracked throughout the study
and did not differ between cages or treatment groups. At 8
months of age, mice were killed and CSF drawn from the
cisterna magna*® followed by transcardial perfusion of chilled
PBS with 0.3% heparin. One hemisphere of the brain was
postfixed overnight in 4% paraformaldehyde followed by
processing for histologic analysis of Ap plaque burden. The
other hemisphere had the hippocampus and cortex micro-
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dissected, then snap frozen on dry ice for future biochemical
analysis of brain AP levels.

Tissue extraction of A

To evaluate various pools of brain AP, we performed a se-
quential extraction of tissue with PBS, 1% triton X-100 in PBS,
then SM guanidine to grossly assess the extracellular-enriched
fraction, the membrane-bound and intracellular fraction, and
the insoluble fraction, respectively. All lysis buffers were
chilled to 4°C and contained protease inhibitors without
EDTA. Tissue was lysed at a 1:10 wet weight/volume ratio.
PBS and Triton X-100 extractions were performed by me-
chanical dounce homogenization while the guanidine ex-
traction was performed with sonication to maximally
solubilize remaining A within the tissue. Tissue was spun in a
microcentrifuge at 21,000 g for 15 minutes at 4°C following
each extraction. AP, 40 and AP, 4, were measured by sandwich
ELISA and normalized to total protein in each sample, as
determined by a micro-BCA assay (Peirce, Rockford, IL).

Quantitative analyses of AB deposition

Brain hemispheres were placed in 30% sucrose before freezing
and cutting on a freezing sliding microtome. Serial coronal
sections of the brain at 50-um intervals were collected from the
rostral anterior commissure to caudal hippocampus as land-
marks. Sections were stained with biotinylated human-specific
anti-Ap antibody, mHJ3.4 (a gift from Dr. David Holtzman,
Washington University, St. Louis, MO). Stained brain sections
were scanned with a NanoZoomer slide scanner (Hamamatsu
Photonics, Japan). For quantitative analyses of mHJ3.4-biotin
staining, scanned images were exported with NDP viewer
software (Hamamatsu Photonics) and converted to 8-bit
grayscale using ACDSee Pro 3 software (ACD Systems, Vic-
toria, Canada). Converted images were thresholded to high-
light plaques and then analyzed by the Analyze Particles
function in Image] software (NIH).* Identified objects after
thresholding were individually inspected to confirm the object
as a plaque or not. Three brain sections per mouse, each sep-
arated by 300 pm, were used for quantification. These sections
correspond roughly to sections at Bregma —1.7, -2.0, and
—2.3 mm in the mouse brain atlas. The average of 3 sections was
used to represent a plaque load for each mouse. For analysis of
AP plaque in the cortex, the cortex immediately dorsal to the
hippocampus was assessed. All analyses were performed in a
blinded manner by 2 independent researchers. The data that
were statistically analyzed and plotted represents the average
plaque load per section between the 2 researchers.

Cranial window surgery

Thinned-skull cranial windows were prepared on the day of
the first multiphoton imaging session as described pre-
viously.® Briefly, mice were anesthetized under volatile iso-
flurane and the skin and periosteum were removed to expose
the skull. A high-speed drill and microsurgical blade (Surgis-
tar) were used to thin the skull until transparent and flexible.
Two thinned-skull windows (each 0.8—-1.0 mm in diameter)
over each hemisphere were prepared in each animal.
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In vivo multiphoton microscopy

Six-month-old APP/PSI mice were treated with escitalopram (n
= 4 per group) or vehicle (n = S) for 28 days. To quantify
growth of individual amyloid plaques, longitudinally intravital
multiphoton imaging was used, as described previously.”’”
Briefly, mice were injected intraperitoneally with the fluorescent
amyloid-binding compound methoxy-X04 (S mg/mL) 24
hours prior to each imaging session.”® Animals were mounted
on a custom-built stereotaxic apparatus and a small ring of
molten bone wax was applied to the skull surrounding the pe-
rimeter of the window to create a water immersion chamber.
The cranial window was centered under the objective lens on a
2-photon microscope (LSM 510 META NLO system [Carl
Zeiss Inc., Oberkochen, Germany] with a Cameleon Ti: Sap-
phire laser [Coherent Inc., Santa Clara, CA]). Two-photon
fluorescence was generated with 750 nm excitation and fluo-
rescence emission was detected at 435-485 nm. A 10x water-
immersion objective (numerical aperture 0.33, Zeiss) was used
to create a site map during initial imaging and a 40x water-
immersion objective (numerical aperture 0.75, Zeiss) was used

for high-resolution quantification of individual amyloid plaques.
Incremental z-stack image series (step distance = 10 and S pym
under 10x and 40x objectives, respectively) were acquired from
the skull surface to approximately 200 ym into cortex.

To determine the effect of escitalopram on amyloid plaque
formation and growth, the same sites for each animal were
imaged on day 0 and day 28. Collapsed z-stack images for each
individual plaque were captured. The plaque radius and in-
tensity was determined using SigmaScan Pro Image Analysis
Software (Systat Software) with a preset threshold (threshold
=mean + 4 x SD). Plaques were excluded from analysis if they
were located at the edge of the window, exhibited fluores-
cence intensity less than the mean intensity of an adjacent
background region, or if the image acquisition was affected by
motion artifacts from heartbeat or respiration.

Statistical analyses for mouse studies
Statistically significant differences were determined using
Prism statistical software (Graph Prism 8, San Diego, CA). All

Figure 1 Escitalopram acutely reduces brain interstitial fluid (ISF) B-amyloid (AB) levels over a 24-hour period
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Figure 2 Escitalopram increased a-secretase enzymatic
activity
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Amyloid precursor protein (APP)/presenilin 1 (PS1) mice were administered
5 mg/kg escitalopram, then killed 8 hours later. Enzymatic activity of
a-secretase and B-secretase were measured in the hippocampus. a-Secre-
tase activity significantly increased by 51.1% + 3.3% (n = 8, p < 0.001) while
B-secretase activity changed insignificantly by 10.8% +3.5% (n =8, p=0.212)
compared to vehicle-treated mice. Data presented as mean + SEM.

data were presented as mean + SEM. For data analysis, 1-way
analysis of variance with the Dunnett multiple comparison
post test was applied. All p values resulted from 2-sided sta-
tistical tests and statistical significance was set at *p < 0.05, **p
< 0.01, and ***p < 0.001.

Data availability
Raw and analyzed data will be shared upon written request to
the corresponding author from any qualified investigator.

Results

Comparison of citalopram, escitalopram, and
R-citalopram in brain ISF AP levels in mice
Citalopram is a mixture of 2 enantiomers: S-citalopram, the
active molecule, and R-citalopram, the inactive molecule.
Escitalopram consists only of the active enantiomer, whereas
R-citalopram should be an inactive component of citalopram.
In theory, citalopram should have comparable efficacies as half
the dose of escitalopram. We sought to determine the effect of
each of these compounds on ISF AP, levels at comparable
“active doses.”

Mice treated with citalopram (R,S mixture) and escitalopram
had a gradual reduction in ISF A4 and A4, whereas
R-citalopram and vehicle produced no change (figure 1, A and
B). At the end of the 24 hours sampling, 10 mg/kg citalopram
significantly reduced ISF AP, by 25.6% + 6.1% (mean *
SEM; n = 4, p = 0.006, 95% CI 7.9%, 41.6%), while S mg/kg
escitalopram, a comparable dose of the active enantiomer,
reduced ISF A4 by 20.2% * 4.1% (n = 6, p = 0.014, 95% CI
4.1%, 34.7%). Citalopram and escitalopram were not
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significantly different from each other, however (p = 0.668,
95% CI -21.6%, 11.0%). R-citalopram, the inactive enantio-
mer of citalopram, had no effect on change in ISF Af levels (n
=5, p=0923,95% CI -24.9%, 16.8%) compared to vehicle
(figure 1B). APy, was altered similarly to APy, (figure 1B).
Citalopram reduced AB,, by 21.8% + 2.8% (n =5, p < 0.0001,
95% CI 12.1%, 29.7%) while escitalopram reduced Ay, by
26.8% +2.5% (n =S5, p < 0.0001,95% CI 17.1%, 34.8%). Each
drug had a similar effect on both AP, and Ay, levels.

Escitalopram increases a-secretase activity
Three-month-old APP/PS1 mice were administered S mg/kg
escitalopram or vehicle, killed 8 hours later, and brains pro-
cessed for biochemistry. The hippocampus was lysed and then
measured by enzymatic activity of a-secretase and B-secretase
using a FRET-based cleavage assay. Following escitalopram
treatment, a-secretase activity significantly increased by 51.1%
+3.3% (n = 8, p < 0.001, 95% CI 19.8%, 42.1%), whereas
B-secretase activity only changed by 10.8% + 3.5% (n =8, p =
0.212,95% CI —4.0%, 16.6%) compared to vehicle-treated mice
(figure 2).

Chronic escitalopram effect on brain plaque
load in mice

APP/PS1 mice, starting at 4 months of age prior to plaque
pathology, were administered plain water or escitalopram at 2.5
mg/kg and 5 mg/kg in drinking water for 4 months. At 8
months of age, mice were killed to assess AP aggregation. As
assessed histologically, escitalopram at both doses significantly
reduced plaque burden within the brains of these mice com-
pared to littermate controls that drank only water (figure 3A
with representative histology images). Hippocampal plaque
load was significantly reduced by 28.7% + 0.05% (p = 0.029,
95% C10.022%, 0.43%) and 34.4% + 0.05% (p = 0.009, 95% CI
0.067%, 0.48%) for escitalopram 2.5 and S mg/d, respectively
(figure 3A, n = 8 per group). The observed reduction in the
escitalopram 2.5 and 5 mg/kg groups did not differ significantly
from each other (p = 0.849, 95% CI -0.16%, 0.25%).

The contralateral brain regions were processed for biochemical
analysis of AP protein levels. PBS-soluble and Triton X-100-
soluble AP levels did not change significantly in escitalopram-
treated mice (data not shown); however, levels of insoluble
AP4o and APy, extracted with SM guanidine were significantly
reduced by 42.7% + 5.6% (p = 0.005, 95% CI 40.4%, 241.5%)
and 56.3% + 3.4% (p = 0.041,95% CI 11.4%, 588.1%) in the 2.5
mg/kg escitalopram group, respectively, and by 43.8% + 6.9%
(p < 0.001, 95% CI 85.3%, 286.4%) and 69.0% + 3.0% (p <
0.001, 95% CI 322.7%, 899.4%) in the S mg/kg escitalopram
group, respectively (figure 3B, n = 8 per group). Though pla-
que load histologically and insoluble AP biochemically measure
overlapping pools of AP, we propose that the discrepancy in
significance between the analyses is that by its nature quanti-
fication by histology is less precise than biochemically using an
ELISA. There was no change in CSF A4, and Ay, levels at §
mg/kg escitalopram (AP, p = 0.357, 95% CI —15.6%, 65.5%;
ARy p = 0215, 95% CI —28.0%, 30.4%).
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Figure 3 Chronic administration of escitalopram reduced 3-amyloid (AB) plaque load
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Escitalopram arrests individual plaque growth
assessed by in vivo 2-photon microscopy

During a 28-day interval, plaques in vehicle-treated mice grew
116.8 ymz, while plaques in mice treated with 2.5 mg/kg
escitalopram grew an average 65.5 um”. In both vehicle and
2.5 mg groups, the average size of plaques was significantly
larger at day 28 compared to day 0 (p < 0.001, 0 days vehicle
341 pm” vs 28 days vehicle 458 um” [382, 534]; and p < 0.05,
2.5 mg/kg escitalopram 0 days 387 um” vs 2.5 mg/kg esci-
talopram 28 days 452 um® [348, 556], paired ¢ test), re-
spectively. However, in mice treated with S mg/kg
escitalopram, mean plaque size at day 28 was not significantly
different from that at day 0 (p = 0.83, 0 days 404 um” vs 28
days 399 um” [343, 456], paired t test), suggesting that pla-
ques did not grow. The rate of plaque growth in the vehicle
group was significantly higher than that in the 5 mg/kg esci-
talopram group (p = 0.002, vehicle 190% [140, 241] vs S mg/
kg escitalopram 119% [101, 137]), but not that of the 2.5 mg/
kg escitalopram group (p = 0.391, vehicle 190% [140, 241] vs
2.5 mg/kg escitalopram 140% [110,170]; figure 4, A and B).
Furthermore, treatment with S mg/kg escitalopram reduced
the number of newly appearing plaques compared with ve-
hicle (p = 0.03, vehicle 9.6 plaques [8.2, 10.9] vs 5 mg/kg
escitalopram 3 plaques [1.34, 4.68]), but had no effect on the
number of disappearing plaques (p = 0.47, vehicle 1.1 [0.224,
2.04] vs S mg/kg escitalopram 2.2 [1.29, 3.09]), whereas 2.5
mg/kg escitalopram treatment had no effect on either the
number of appearing plaques compared with vehicle (p =
0.07, vehicle 9.6 [8.2, 10.9] vs 2.5 mg/kg escitalopram 7.6
[4.26, 11]) or the number of disappearing plaques (p = 0.47,
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vehicle 1.1 [0.224, 2.04] vs 2.5 mg/kg escitalopram 1.0 [0.144,
1.89]; figure 4C). There was not sufficient cerebral amyloid
angiopathy in the image captures to analyze vascular AP
changes in response to escitalopram.

Discussion

Rodent studies showed that the chronic administration of
escitalopram 5 mg/kg/d blocked the growth of existing am-
yloid plaques and significantly reduced the appearance of new
plaques, compared to vehicle-treated animals. This dose is
roughly comparable to a 24 mg dose in a 60 kg human,*
similar to the 10 mg and 20 mg doses often prescribed to
individuals. Importantly, the rates that a bolus dose of drug is
absorbed when given intraperitoneally in mice vs when given
orally in humans will differ, so direct comparison of dosages
can be difficult. Further, escitalopram had a rapid and sus-
tained acute effect on ISF AP, and AP, levels. Importantly,
studies showed that there was no effect of R-citalopram, the
inactive enantiomer; only an effect of S-citalopram (also
known as escitalopram). This complements a study in cog-
nitively normal, elderly individuals whereby 8 weeks of esci-
talopram reduced CSF AR levels by almost 10%.

Escitalopram had similar effects on both ISF A4, and APy, in
terms of both magnitude of change as well as kinetics. In-
terestingly, in humans, escitalopram reduced CSF Ap,, but
not APso.”' Treatment with the SSRI increased enzymatic
activity of a-secretase without a change in -secretase activity.
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Figure 4 Escitalopram over 4 weeks completely arrested individual plaque growth
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Six-month-old amyloid precursor pro-
tein (APP)/presenilin 1 (PS1) mice were
treated with escitalopram at doses of
2.5 or 5 mg/kg per day or vehicle IP for
28 days (vehicle: n = 11 mice, 104 pla-
ques; escitalopram 2.5 mg/kg: n = 5
mice, 40 plaques; escitalopram 5 mg/
kg: n =4 mice, 66 plaques) and imaged
using 2-photon microscopy. (A) Rep-
resentative multiphoton micrographs
(20x magnification) of individual amy-
* loid plaques in the cortex of APP/PS1

ns mice (before [0 days] and 28 days after

- treatment. P = plaque. (B) 5 mg/kg
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analysis of variance with Dunnett
multiple comparison post statistical
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tests and statistical significance was
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0.001.
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This is similar to previous findings demonstrating that sero-
tonin receptors activate the ERK signaling pathway to in-
crease nonamyloidogenic processing of APP." Interestingly,
there was a dose-dependent change in AP in only select
measures; overall plaque load, as assessed histologically, did
not differ between the 2.5 and 5.0 mg/kg treatment groups,
whereas guanidine-extractable AP, levels were different, with
a trend for a difference in Af4o. While plaque load and an
insoluble extraction of tissue measure similar pools of Ap,
guanidine-extractable AP in tissue consists of more than just
plaque (e.g.,, AB inside small vesicles that are not easily lysed in
detergent), which appears to be more mobile and reduced in
escitalopram-treated mice.

Chronic reductions in Ap levels, either by suppressing pro-
duction or enhancing clearance, can have profound influences
on the amount of A that accumulates as plaques, as well as
associated synaptic and neuritic pathologies. Formation of
these toxic conformations from the normal soluble AB species
is concentration-dependent, with high Ap concentrations much
more likely to aggregate than lower AR concentrations.” Even
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small decreases in AB concentration have been associated with
a substantial lowering of plaque burden. A 12%-25% decrease
in soluble AP concentration in animal models produced a
substantial plaque reduction.”*' In humans, AB levels that are
20%-50% higher, such as in familial AD or Down syndrome,
produce pathology and symptoms decades before patients with
sporadic AD. In our prior studies with the SSRI citalopram,
soluble AP concentration was reduced by 25% with a concur-
rent 78% reduction in new plaque formation in mice,'” whereas
in our current rodent studies, we found a reduction in new
plaque formation of 34%. So while reducing AB will likely limit
plaques within the brain, a complete reduction may not be
required.

Independent of medications, depression appears to increase the
risk of developing AD.**73* Several retrospective studies have
found that SSRIs reduce the risk of AD symptoms in individ-
uals with depression,® >’ while individuals with depression
taking SSRIs are at lower risk of AD compared to untreated
individuals with depression, but still are at greater risk com-
pared to controls without depression. Though acute studies in
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humans have demonstrated that SSRIs can reduce Ap levels,"®
prospective trials are still necessary to determine whether
SSRIs, or other serotonin modulators, are directly responsible
for the reduction in amyloid plaque load in human brain.

Numerous clinical trials using y-secretase inhibitors, p-sec-
retase inhibitors, and anti-Ap vaccinations have been con-
ducted to suppress AP levels. The initial trials treated
individuals who already exhibited mild to moderate behavioral
symptoms of AD and failed to produce a measureable im-
provement in cognition. Later studies treated individuals who
were cognitively normal, but at risk of developing AD within a
few years. These trials also failed to show cognitive benefit.
Given the failure of numerous AP targeted therapeutics, it
remains possible that targeting AP may not be beneficial to
AD. Alternatively, however, these studies may have failed
because they were started too late in the course of the disease;
AP and tau had already caused substantial cell death, which
could not be reversed. As such, if targeting A as a therapeutic
intervention, treatment may need to be started much earlier,
meaning that individuals may need to be on a drug for a
decade or more before changes could be detected. A drug will
need to be safe and tolerated for that period of time. SSRIs are
not innocuous, but millions of individuals take them for de-
cades with generally manageable side effects. Of the 15 se-
rotonin receptor subtypes, only 5S-HT,, 5-HT,, and S-HT,
receptors are responsible for suppressing AP levels following
SSRI administration'®; thus it may be feasible to develop
more targeted agents to lower AP levels.
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