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Abstract

BACKGROUND

Epilepsy is a complex neurological disorder characterized by recurrent,
unprovoked seizures resulting from the sudden abnormal discharge of brain
neurons. It leads to transient brain dysfunction, manifested by abnormal physical
movements and consciousness. It can occur at any age, affecting approximately 65
million worldwide, one third of which are still estimated to suffer from refractory
seizures. There is an urgent need for further establishment of seizure models in
animals, which provides an approach to model epilepsy and could be used to
identify novel anti-epileptic therapeutics in the future.

AIM
To compare three administration modes for establishing a seizure model caused
by N-Methyl-D-aspartic acid (NMDA) in zebrafish.

METHODS

Three administration routes of NMDA, including immersion, intravitreal injection
and intraperitoneal injection, were compared with regard to their effects on
inducing seizure-like behaviors in adult zebrafish. We evaluated neurotoxicity by
observing behavioral changes in zebrafish and graded those behaviors with a
seizure score. In addition, the protective effects of MK-801 (Dizocilpine) and
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natural active constituent resveratrol against NMDA-induced alterations were
studied.

RESULTS

The three NMDA-administration methods triggered different patterns of the
epileptic process in adult zebrafish. Seizure scores were increased after increasing
NMDA concentration regardless of the mode of administration. However, the
curve of immersion continuously rose to a high plateau (after 50 min), while the
curves of intravitreal injection and intraperitoneal injection showed a spike in the
early stage (10-20 min) followed by a steady decrease in seizure scores.
Furthermore, pretreatment with resveratrol and MK-801 significantly delayed
seizure onset time and lowered seizure scores.

CONCLUSION

By comparing the three methods of administration, intravitreal injection of
NMDA was the most suitable for establishing an acute epileptic model in
zebrafish. Thus, intraperitoneal injection in zebrafish can be applied to simulate
diseases such as epilepsy. In addition, NMDA immersion may be an appropriate
method to induce persistent seizures. Moreover, MK-801 and resveratrol showed
strong anti-epileptic effects; thus, both of them may be clinically valuable
treatments for epilepsy.

Key words: Seizure; Zebrafish; N-Methyl-D-aspartic acid; Administration modes;
Resveratrol; MK-801

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: This is the first study to systematically compare the three main administration
modes to establish a seizure model in zebrafish. A newly developed zebrafish model with
acute and sustained experimental epileptic behavior enables us to study and identify
potential mechanisms and screen anti-epileptic drugs. Direct administration of N-Methyl-
D-aspartic acid stimulates abnormal excitations of brain nerve cells to simulate epileptic
seizures. This study demonstrated that intravitreal injection can be used to establish an
acute epilepsy model and immersion can be used as a persistent epilepsy model. The
protective effects of resveratrol and MK-801 on the epileptic process were also confirmed,
which may have clinical application value.

Citation: Long XY, Wang S, Luo ZW, Zhang X, Xu H. Comparison of three administration
modes for establishing a zebrafish seizure model induced by N-Methyl-D-aspartic acid. World J
Psychiatr 2020; 10(7): 150-161

URL: https://www.wjgnet.com/2220-3206/full/v10/i7/150.htm

DOI: https://dx.doi.org/10.5498/wjp.v10.i7.150

INTRODUCTION

Epilepsy is a chronic brain disorder caused by abnormal, excessive and synchronous
neuronal activities in the brain. The clinical manifestations are characterized by
paroxysmal, transient, repetitive and stereotyped. The location of abnormal discharge
neurons and the range of abnormal discharge spread are different, leading to different
forms of seizure, manifested as sensory, motor, conscious, mental, behavioral,
autonomic dysfunction or a combination of multiple dysfunctions!". According to the
World Health Organization report, there are many causes of epilepsy, such as stroke,
brain trauma, and central nervous system infection”. Although it is generally believed
that about two-thirds of epilepsy is idiopathic, most of which are now considered to be
hereditary!"l. Epilepsy also has various psychiatric complications such as depression,
anxiety and cognitive defects®™. It has been reported that peroxisome proliferator-
activated receptor y and mutations in genes involved in GABA-mediated inhibitory
neurotransmission are highly associated with the pathogenesis of epilepsy!.
Moreover, it is widely accepted that glutamate overstimulation of the N-Methyl-D-
aspartic acid (NMDA) receptor is an important pathogenesis of epilepsy, which leads
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to continuous internal flow of calcium ions and excessive excitement of the
hippocampal networks®”l. The molecular mechanism of epilepsy is still not fully
understood, and thus there is a lack of effective clinical treatment®’. Therefore,
building relevant preclinical models is imperative for therapeutics screening in this
disease.

NMDA is an amino acid derivative that exists naturally in the animal body. It is an
analog of L-glutamate, an important excitatory neurotransmitter in the mammalian
central nervous system. It has been used to model a series of neurodegenerative
diseases such as epilepsy, glaucoma, Alzheimer's disease, Parkinson's disease and
Huntington's disease’”). NMDA-induced cellular excitotoxicity may be the
consequence of overstimulating NMDA receptors at high concentrations of NMDA,
causing a massive calcium influx. The overproduction of nucleases, proteinases, lipase,
free radicals as well as the activation of nitric oxide pathway ultimately then give rise
to cell death!"*'"1,

As a vertebrate model, zebrafish have received a great deal of attention in the field
of developmental biology and genetics over the last decade as a cost-efficient and
relevant alternative for human disease modeling and large-scale drug screening*l.
There are many reasons for its popularity, for example, zebrafish share high genetic,
cellular and organ homologies to humans over the evolutionary process!'’l. Besides
their homology, zebrafish are much easier to breed than other types of experimental
animals due to ease of handling and fast reproduction rate. These advantages indicate
that zebrafish has outstanding value in preclinical drug screening”’*l. Furthermore, its
central nervous system is structurally similar to that of mammals. Some signaling
systems such as serotonin energy and GABAergic neurotransmission are also highly
similar®*l. When it comes to studying brain disease, these aspects have always been
the advantages of zebrafish. Establishing a reliable zebrafish epilepsy model not only
contributes to a better understanding of the molecular pathology of zebrafish seizures,
but may also be conducive to screen drugs that protect the brain from seizure damage.
Both of these directions will contribute to better clinical treatment of epilepsy.

The principal methods of administration used in the present study were immersion,
intravitreal injection and intraperitoneal injection. Some studies have demonstrated
that drugs can be absorbed directly from the water environment through the skin of
zebrafish*, while intraperitoneal injection of drugs can induce epileptic behaviors in
zebrafish?*!. Ouabain was injected into the eyeballs of zebrafish through the vitreous
cavity, resulting in nerve cell damagel”*!. Although there are other alternative
modeling methods, such as intraperitoneal perfusion, they were not adopted in this
study.

MK-801 is a non-competitive antagonist of the NMDA receptor and can directly
prevent NMDA-induced excitatory toxicity. Therefore, it was used as a positive
control. Resveratrol is a biologically active constituent extracted from many plants. As
previously reported, it has a multitude of health benefits including the ability to
prolong life and prevent certain diseases such as heart disease, autoimmune diseases,
metabolic disorders™, inflammation®, neurodegeneration™*?, and epilepsy™*. In
addition, it also plays an active role in retinal degeneration models'™. However, it is
not clear whether the three modes of NMDA administration cause changes in epileptic
behavior, and whether resveratrol or MK-801 can protect against this brain disorder.
This study aims to investigate these two key aspects to further understand the
establishment of seizure models in zebrafish and lay the foundation for drug screening
and treatment development.

MATERIALS AND METHODS

Animals

The study was approved by the Ethical Review Committee of Nanchang University
(Nanchang, Jiangxi Province, China). The China Zebrafish Resource Center (Wuhan,
Hubei Province, China) provided adult male and female wild-type zebrafish (
Danio rerio, AB strain). All adult zebrafish were raised in a temperature-controlled
(28°C) zebrafish breeding system (Thmorgan Biotechnology Corp., Ltd. Beijing, China)
and all zebrafish were propagated in a cycle of 14 h light/10 h dark in the experiment,
and they were fed with brine shrimp twice daily (Wudi, Shandong Province, China).

Treatments
NMDA (M3262, Sigma, United States) was dissolved in phosphate buffered saline
(PBS) to prepare solutions for different modeling methods (immersion: 300 and 500
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pmol/L; intraperitoneal injection: 8 and 16 mg/kg; intravitreal injection: 0.1 and 0.5
mol/L). MK-801 (M107, Sigma, United States) was soluble in 500 mL/L ethanol
(intraperitoneal injection: 3 mg/kg, intravitreal injection: 0.05 mol/L). Resveratrol
(R5010, Sigma, United States) was dissolved in 1000 mL/L ethanol and kept in the
dark during storage and during the whole experiment (40 mg/L). Distilled water was
used to dissolve MS-222 (A5040, Sigma, United States) (0.2 g/L). The timeline of drug
delivery is shown in Figure 1.

Study design

Immersion: Before NMDA treatment, zebrafish were soaked in resveratrol solution for
1 d in advance. Resveratrol was dissolved in 10 pL of 1000 mL/L ethanol, and then
mixed with 100 mL of distilled water for 1 h until completely dissolved. During
resveratrol treatment, the reaction tank was completely covered to avoid
photodegradation of the compound. Then adult zebrafish (n = 6 in each group) were
immersed in 500 pmol/L NMDA solution for 1 h (the solution was prepared at 28°C)
and seizure-like behaviors were observed for 1 h. Another two groups of zebrafish, 12
in total without resveratrol immersion were separately placed into the other two 2 L
tanks, respectively, filled with 300 pmol/L and 500 pmol/L concentration of NMDA
for 1 h to record behavioral changes. Zebrafish in the MK-801 group were
intraperitoneally injected with 10 pL MK-801 1 h before 500 pmol/L NMDA
immersion. The remaining zebrafish were set as the control group, and except for drug
treatment, the rest of the process was the same as the experimental groups.

Intravitreal injection: Zebrafish were anesthetized with MS-222 before intravitreal
injection. According to previous research methods, the volume of the vitreous cavity
measured by digital caliper is approximately 200-500 nLF. In the preliminary
experiment to determine the appropriate amount of injection, we found that 100 nL
PBS did not cause any retinal damage or behavior changes in zebrafish. The freshly
prepared 100 nL of 0.1 and 0.5 mol/L NMDA solution was then aspirated with an
acupuncture needle (0.20 mm) and inserted through a small incision between the
vitreous body and the retina and delivered into the right eyes of zebrafish. The syringe
pumps (HARVARD, C-14171) helped to deliver the appropriate amount of NMDA.
The drug treatment time was 1 h. For the resveratrol + NMDA group, these zebrafish
were treated with resveratrol for 1 d before 0.5 mol/L NMDA injection. In the 0.5
mol/L NMDA + MK-801 group, 100 nL MK-801 was injected intravitreally. 1x PBS
injection was performed in the same manner to the control group. After the injection,
all the fish were kept out for at least 1 min to allow for drug absorption and then
returned to their normal living environment to record their behaviors.

Intraperitoneal injection: Each zebrafish was weighed before the injection and then
adult zebrafish were anesthetized with MS-222 solution. NMDA 8 mg/kg and 16
mg/kg (the doses used here were chosen by comparing those used in rodents) was
carefully injected into the abdomen in the operating area when the zebrafish
temporarily lost body control. For the resveratrol + NMDA group, these zebrafish
were treated with resveratrol for 1 d before the NMDA injection. Next, 10 pL. MK-801
was injected intraperitoneally in the NMDA+MK-801 group. The remaining fish were
injected with 1x PBS and set as the control group. Their 1 h behaviors were recorded
via camera.

Seizure score

Following intravitreal and intraperitoneal injection, the zebrafish were individually
placed into 2 L tanks after NMDA treatment; for immersion, the fish were directly
placed in 2 L NMDA solution. We manipulated a specific camera to monitor the
behavior of each fish to determine its seizure score. The behaviors of all zebrafish were
photographed for 60 min to assess the degree of epilepsy. The seizure score was
quantified by the following criteria: 1 point, immobility and hyperventilation; 2 points,
whirlpool swimming; 3 points, rapid movement from right to left; 4 points, abnormal
and spastic muscle contraction; 5 points, rapid clonic convulsion of the whole body; 6
points, submergence and spasm for several minutes; 7 points, death!™!.

Statistical analysis

Statistical analysis was performed based on records to calculate time points and
duration of abnormal behavior in zebrafish. The experimental data were expressed as
mean + SE. All data were analyzed by t-test using GraphPad PRISM 7.00. ANOVA was
then performed to assess the differences in seizure and latency between the
experimental groups, with P < 0.05 considered statistically significant.
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LV. 0.1, 0.5 (mol/L)
NMDA
administration ‘{ LP. 8,16 (mg/kg)
I.M. 300, 500 (umol/L)
-1d 0d 1h
Add RES Add MK-801 Behavior record
(50 mg/L)

Figure 1 Experimental protocols. Three administration modes were used in this study, including intravitreal injection, intraperitoneal injection and immersion.
All resveratrol treatments were carried out 1 d before N-Methyl-D-aspartic acid (NMDA) treatment. Behavior records began immediately after NMDA and MK-801
treatment, which lasted for 1 h. NMDA: N-Methyl-D-aspartic acid; I.V.: Intravitreal injection; |.P.: Intraperitoneal injection; I.M.: Immersion.
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RESULTS

Intravitreal injection

Prior to NMDA treatment, zebrafish were immersed in 40 mg/L resveratrol for 1 d.
Zebrafish behavior was then observed and recorded for 60 min after intravitreal
injection of NMDA and graded by the seizure score. NMDA treatment caused a
seizure-like syndrome characterized by rapid movement, jumping, swimming in
circles, and an intense response to stimulation. As shown in Figure 2A, the overall
curve presented a trend of an intial rise and then a decrease, and the highest seizure
score was approximately up to 5. The mean seizure score in the high-dose (0.5 mol/L)
NMDA treatment group was significantly higher than that in the low-dose (0.1 mol/L)
NMDA treatment group (4 vs 2, P < 0.0001), while co-injection of 50 mmol/L MK-801
with 100 nL 0.5 mol/L NMDA decreased the score to lower than 2. The shortest
seizure onset time in zebrafish given intravitreal injection was about 3 min in the high-
dose NMDA group. Additionally, the seizure onset time following high-dose NMDA
treatment was significantly prolonged by MK-801 (> 10 min), to a level even lower
than that of low-dose (0.1 mol/L) NMDA treatment (Figure 2B). Pretreatment with
resveratrol also lowered the seizure score from approximately 4 to 1 and significantly
delayed seizure onset from 3 to around 7 min (P = 0.0024) (Figure 2A and B). These
behavioral changes indicate that intravitreal injection of NMDA leads to seizure-like
behavior in zebrafish within a short time that can be significantly prevented by
resveratrol pretreatment, consistent with prior studies showing the anti-epileptic
effects of resveratrol.

Intraperitoneal injection

For resveratrol pretreatment, we immersed zebrafish in 50 mg/kg resveratrol for 1 d
and then performed intraperitoneal injection of NMDA. Zebrafish behaviors were
recorded for 60 min, and were similar to those following intravitreal injection of
NMDA. According to the analysis of seizure score, the overall curve first increased
within 30 min and then decreased following intraperitoneal injection. The degree of
epilepsy in zebrafish injected with high dose NMDA was significantly higher than that
in zebrafish injected with low dose NMDA. The seizure score in the high-dose (16
mg/kg) NMDA group was 4-5, while the low-dose (8 mg/kg) group had a score of
around 2 (Figure 3A). The same trend in seizure onset time was identified: 16 mg/kg
NMDA-treated zebrafish had a seizure onset time of less than 10 min while the 8
mg/kg NMDA-treated group had a seizure onset time closer to 20 min (Figure 3B). On
the other hand, zebrafish treated intraperitoneally with 10 pL 3 mg/kg MK-801 + high-
dose NMDA, had a significantly reduced seizure score at all time points analyzed (P <
0.001) (Figure 3A) as well as a very significantly delayed seizure onset time (from
approximately 6 min to over 30 min) (P < 0.001) (Figure 3B). Resveratrol pretreatment
also had a highly significant effect in lowering the seizure score from approximately 5
to 2 min (Figure 3A) and delayed seizure onset time from around 4 min to about 8 min
(P = 0.0024) (Figure 3B). These data indicate that seizures can be more intensely
induced in zebrafish by intraperitoneal injection of NMDA as well as intravitreal
injection and that MK-801 and resveratrol have anti-epileptic effects in this model
system.

Immersion

Zebrafish in one experimental group were placed into 2 L tanks with 40 mg/L
resveratrol for 1 d before NMDA immersion. By recording zebrafish behaviors over 60
min, we found that different groups almost showed an increasing trend. Seizure scores
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Figure 2 Intravitreal injection of N-Methyl-D-aspartic acid causes acute seizure-like behavior in zebrafish. Seizure activity and onset scores
following N-Methyl-D-aspartic acid (NMDA)-intravitreal injection (0.1 mol/L and 0.5 mol/L, 50 mg/L resveratrol + 0.5 mol/L NMDA, and 50 mmol/L MK-801 + 0.5 mol/L
NMDA). A: The mean seizure scores (+ SE) for each treatment group plotted against time after NMDA injection; B: The latency of seizure onset after NMDA injection.
Bars represent mean + SE of the time lag to the onset of the first convulsion in each group. Data were analyzed using one-way ANOVA and t-test for the different
groups (n = 6) (°P < 0.01 vs control). NMDA: N-Methyl-D-aspartic acid; RES: Resveratrol; MK: MK-801.
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continued to rise steadily within 0-20 min and 30-50 min. In addition, seizure scores
following high-dose NMDA immersion were statistically higher than those following
low-dose NMDA immersion. High-dose (500 pmol/L) NMDA treatment resulted in a
seizure score of 2-4 while low-dose (300 pmol/L) treatment resulted in a score of
around 1 to 2 (Figure 4A). The same trend was identified for seizure onset time: The
500 pmol/L NMDA-treated group had a seizure onset time of fewer than 5 min, while
the 300 pmol/L NMDA-treated group had a seizure onset time of nearly 10 min
(Figure 4B). On the other hand, zebrafish immersed in high-dose NMDA after 10 pL 3
mg/kg MK-801, had a significantly reduced seizure score at all time points analyzed (
P <0.001) (Figure 4A) as well as a delayed seizure onset time (from approximately 5
min to 9 min) (P < 0.001) (Figure 4B). Resveratrol pretreatment also had a highly
significant effect in lowering the seizure score from approximately 4 to 1 (Figure 4A)
and delayed seizure onset time from around 5 min to about 10 min (P = 0.0024)
(Figure 4B). These data indicate that seizures can be induced in zebrafish by
immersion in NMDA in a slow and unremitting way and that MK-801 and resveratrol
have anti-epileptic effects in this model system.

Comparison of the three administration modes

By comparing 1 h seizure scores and onset time of the three administration modes, we
found high-dose NMDA immersion maintained the seizure score at about 2.5 to 3.5,
the score caused by intraperitoneal injection was 4 to 5, and that following intravitreal
injection was maintained at approximately 3.2 to 4.8 (Figure 5A). The trend in epilepsy
caused by the three modes of administration generally increased initially and then
decreased. In addition, the most severe stage of epilepsy caused by intraperitoneal
injection of high-dose NMDA took about 30 min, while intravitreal injection took 40
min and immersion took 50 min. With regard to seizure onset time, immersion had the
longest onset time of the three methods (approximately 6.3 min), which was followed
by intraperitoneal injection (5.5 min). Intravitreal injection induced seizure-like
behaviors within 3 min (P < 0.001) (Figure 5B). These data show that NMDA induces
epilepsy-like behavior, while administration patterns alter seizure progression of
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Figure 3 Intraperitoneal injection of N-Methyl-D-aspartic acid causes acute seizure-like behavior in zebrafish. Seizure activity scores and onset
times following N-Methyl-D-aspartic acid (NMDA)-intraperitoneal injection (8 and 16 mg/kg, 50 mg/L resveratrol + 16 mg/kg NMDA, and 3 mg/kg MK-801 + 16 mg/kg
NMDA). A: The mean seizure scores (+ SE) for each group plotted against time after NMDA injection; B: The latency of seizure onset after NMDA injection. Bars
represent mean * SE of the time lag to the onset of the first convulsion in each group. Data were analyzed using one-way ANOVA and {-test for the different groups (
n=6) (°P <0.01 vs control). NMDA: N-Methyl-D-aspartic acid; RES: Resveratrol; MK: MK-801.
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epilepsy diversely.

DISCUSSION

Numerous animal models have been used in epilepsy research. However, choosing the
best experimental model mainly depends on the problem to be solved, the type of
epilepsy simulated, whether it is consistent with the clinical characteristics, and
whether it is simple and reliable. Therefore, selecting an appropriate and valuable
animal model of epilepsy is undoubtedly an effective shortcut to better study the
mechanism and treatment of epilepsy. Our preliminary experiment showed that
intravitreal injection, intraperitoneal injection, and immersion all caused seizure-like
behaviors in zebrafish. By using different NMDA concentrations, we utilized these
three methods of drug delivery to establish seizure models associated with brain
damage, which are also less harmful to adult zebrafish.

It has been reported that intravitreal injection of NMDA induces seizure-like
behaviors in zebrafish. We found that intravitreal injection of NMDA was the most
suitable for the establishment of an acute seizure model in zebrafish, as it caused
seizure-like manifestations in a short time with a high concentration of NMDA in the
central nervous system, which greatly reduces drug waste and shortens the time to
disease. Intraperitoneal injection of NMDA did cause seizure-like behavioral changes
in adult zebrafish, which was similar to analogous seizure models in rodentst*1. The
effect caused by this method depends on the amount of NMDA injected due to strong
intestinal absorptive capacity. When comparing the three modeling methods,
immersion was less harmful to zebrafish in a short period of time and hence
contributes to observing long-term and chronic epileptic behavior. As the drug was
directly dissolved in water, and zebrafish can continuously take in the drug from the
surrounding environment, the efficacy or toxicity of drugs is not observed in
mammals and can be observed using this methd in a short time.

However, these three methods still have some limitations. Although intravitreal
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Figure 5 Comparison of the three administration routes on seizure score and onset time. Seizure activity scores and onset times following
intravitreal injection, intraperitoneal injection and immersion with 0.5 mol/L, 16 mg/kg and 500 pmol/L N-Methyl-D-aspartic acid (NMDA), respectively. A: The mean
seizure scores ( SE) for each route plotted against time after NMDA treatment; B: The latency of seizure onset after NMDA treatment. Bars represent mean + SE of
the time lag to the onset of the first convulsion using each method. Data were analyzed using one-way ANOVA and f-test for the different routes (n = 6) (°P < 0.05).
NMDA: N-Methyl-D-aspartic acid; I.V.: Intravitreal injection; I.P.: Intraperitoneal injection; I.M.: Immersion.
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injection of NMDA exerts the same effect on zebrafish as other animal models, the
difficulty of microinjection may hinder its application in drug screening. Therefore, to
improve the potential of this model system, it is necessary to perfect each detailed
procedure. In addition, the ocular pharmacokinetics of different drugs are sensitive to
different clearance mechanisms*”, which is mainly affected by the permeability of
retinal pigment epithelium. Understanding the clearance mechanism of different
drugs in zebrafish will ensure the effectiveness of drug delivery, which provides a
basis for ideal animal modeling and further drug screening. Intraperitoneal
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administration is relatively easy, but it is worth noting that the procedure demands
care in order to avoid injury to zebrafish organs such as the heart. With respect to the
operational skills, immersion requires only control of the drug concentration.

According to the results of induced behavior changes, all three delivery modes were
effective in delivering NMDA to the brain. Given that immersion lasts longer and
takes effect later, the effects induced by intraperitoneal and intravitreal injection of
NMDA on zebrafish appeared earlier. We hypothesized that intraperitoneal and
vitreous injection would cause a sharp increase in NMDA concentration in the blood
and target cells, resulting in acute pathophysiological changes, but NMDA
concentration would then drop rapidly to baseline levels, and thus the dramatic
response would quickly disappear. Of these three administration modes, the seizures
induced by intravitreal injection appeared faster than the other two modes, which
suggests that different administration routes into the zebrafish capillary network may
have distinct effects of drug delivery. Intraperitoneal injection of NMDA has poor
target specificity, rendering it hard to accumulate in the brain, and this drawback may
cause uncontrollable damage to other non-targeted organs, such as the heart, which
can interfere with the experiment results. In contrast, immersion can result in a
relatively steady increase in NMDA concentration in the blood, which is enough to
cause a long-term epileptic response; therefore, is more suitable for the model of
sustained epilepsy. Unfortunately, due to the late onset time of seizures induced by
drug immersion, it is not suitable for large-scale drug screening. At the operational
level, immersion is the simplest and most convenient way to administer drugs, while
intravitreal injection is relatively complicated but also the most effective way to
establish the zebrafish model of brain disorder.

Antisense morpholine oligonucleotides (MOs) and hyperthermia have been used to
construct zebrafish epilepsy models in previous studies. Although MOs can effectively
interfere with protein synthesis of target genes, it can induce p53-dependent apoptosis
and non-targeted cell-specific effects in gene expression, which in turn affect
behavioral phenotype analysis!*’. The hyperthermia-induced zebrafish seizure model
is more suitable for studying the mechanism of epileptic seizures in vivo and for acute
seizure of chronic processes, but it does not show any persistencel’l. Both methods are
appropriate for studying the mechanism of zebrafish seizures during innate or
embryonic development. However, the methods we use can be applied to study the
process of seizures in adulthood. Not only can they induce characteristic seizures
which are similar to the reactions observed in mammalian seizures, but also
emphasize the role of the zebrafish model in glutamate excitatory neurotransmission.
For example, clomizole (a histamine receptor antagonist) is effective for gene-induced
epilepsy of SCN1lab zebrafish (a model of Dravet syndrome caused by SCN1a
mutation), a persistent drug-resistant epilepsy!. In addition, the methods we
proposed can screen out the effect of psychotropic drugs and toxicity in the animal at a
glance and reduce twists and turns in the drug development process.

It is noteworthy that one main defect in this NMDA-induced neurotoxicity model is
that it only focuses on a single pathological mechanism (glutamate excitotoxicity) of
epileptic seizures. Considering that the pathogenesis of human epilepsy is more
complex, these models may not fully represent the pathogenesis of epilepsy; thus, may
not be used to carry out clinical research on effective treatment methods for
epilepsy™l. In the current study, we only focused on seizure-like behavioral changes
but did not carry out a specific analysis of pathological brain alterations or distortion
of electrical signal transduction caused by excessive glutamate signaling. Therefore,
further research is needed to fully establish the intravitreal administration route as a
relevant model of epilepsy and other brain diseases. Although zebrafish seizure
models are valuable for discovering anticonvulsants and studying ictogenesis, they are
inadequate for the entire disease process. When studying epilepsy and screening anti-
epileptic drugs, there is still a lack of epilepsy models that truly reflect the
pathogenesis and characteristics of different forms of human epilepsy.

In conclusion, these results show that intravitreal injection of NMDA is an effective
model for inducing acute epilepsy in zebrafish, and NMDA immersion can be used as
a suitable model for persistent epilepsy. Additionally, intravitreal and intraperitoneal
injection of NMDA may both be useful for modeling epilepsy. By comparing the three
different drug administration patterns comprehensively, these models are valuable for
identifying the potential mechanisms of epilepsy and drug screening. Last but not the
least, our study provides convincing evidence for the potential application of MK-801
and resveratrol, a safe plant extract which is available for the treatment of epilepsy.
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ARTICLE HIGHLIGHTS

Research background

Epilepsy is a complex neurological disorder characterized by recurrent, unprovoked
seizures resulting from the sudden abnormal discharge of brain neurons. It leads to
transient brain dysfunction, manifested by abnormal physical movements and
consciousness. It can occur at any age, affecting approximately 65 million worldwide,
one third of which are still estimated to suffer from refractory seizures. The molecular
mechanism of epilepsy is still not fully understood; thus, there is a lack of effective
clinical treatment. Therefore, building relevant preclinical models is imperative for
screening therapeutics for this disease.

Research motivation

There is an urgent need for further establishment of seizure models in animals,
including acute epilepsy models and persistent epilepsy models. These models could
be used to study the mechanism of epilepsy and identify novel anti-epileptic
therapeutics in the future.

Research objectives
The main objective was to compare three administration modes for establishing a
seizure model caused by N-Methyl-D-aspartic acid (NMDA) in zebrafish.

Research methods

Three administration modes of NMDA, including immersion, intravitreal injection and
intraperitoneal injection, were compared with regard to their effects on inducing
seizure-like behaviors in adult zebrafish. We evaluated neurotoxicity by observing
behavioral changes in zebrafish and graded those behaviors with a seizure score.
Statistical analysis was performed based on records to calculate time points and
duration of abnormal behavior in zebrafish. All data were analyzed by t-test using
GraphPad PRISM 7.00. Analysis of variance was then performed to assess the
differences in seizure and latency between experimental groups.

Research results

The three NMDA-administration methods triggered different patterns of the epileptic
process in adult zebrafish. Seizure scores were increased after increasing NMDA
concentration regardless of the mode of administration. However, the curve of
immersion continuously rose to a high plateau (after 50 min), while the curves of
intravitreal injection and intraperitoneal injection showed a spike in the early stage
(10-20 min) followed by a steady decrease in seizure scores. Furthermore, pretreatment
with resveratrol and MK-801 significantly delayed seizure onset time and lowered
seizure scores.

Research conclusions
Intravitreal injection of NMDA was the most suitable route for establishing an acute
epileptic model in zebrafish, while immersion with NMDA may be an appropriate
method for inducing persistent seizures. Additionally, MK-801 and resveratrol
showed strong anti-epileptic effects; thus, both of them may be clinically valuable
treatments for epilepsy.

Research perspectives
Further study using our models to perform antiepileptic drug screening is necessary,
and further work is needed to explore the mechanism of resveratrol against epilepsy.
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Abstract

BACKGROUND

Alzheimer’s disease (AD) is among the most prevalent forms of dementia in the
world and neuropathological studies suggest similar high prevalence of mixed
(AD + vascular) dementias. Approximately 25%-50% of individuals with AD
develop psychosis sometime during their illness. The presence of psychosis in AD
worsens outcomes. Currently there are no United States Food and Drug
Administration (FDA) approved medications for the treatment of psychosis in
AD. Pimavanserin, a novel atypical antipsychotic medication, was approved by
the FDA for the treatment of hallucinations and delusions associated with
Parkinson disease psychosis and is currently in clinical trials for the treatment of
psychosis in AD.

AIM
To evaluate the existing literature regarding the use of pimavanserin for treating
psychosis among individuals with AD.

METHODS
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A literature review of clinical studies of pimavanserin treatment for psychosis in
individuals with AD was performed using the Preferred Reporting Items for
Systematic Review and Meta-Analysis guidelines. Trials were identified by
systematically searching PubMed, MEDLINE, EMBASE, Cochrane Central
Register of Controlled Trials, Web of Science, and Scopus through October 2019.
The 5-point Jadad scoring system was used to assess the methodologic quality of
the randomized placebo-controlled trials.

RESULTS

A total of 499 citations were retrieved and pooled in EndNote and de-duplicated
to 258 citations. This set was uploaded to Covidence for screening. Two separate
screeners (Srinivasan S and Tampi RR) evaluated the titles, abstracts, and full text
of eligible articles. Of the identified 258 abstracts, 98 articles underwent full text
review and 2 publications from 1 randomized controlled trial (RCT) were
included in the final analysis. The quality of evidence was assessed to be of good
methodologic quality, scoring 4 out of 5 using the 5-point Jadad questionnaire
with the Jadad Scoring calculation. This systematic review found only one RCT
that evaluated the use of pimavanserin for the treatment of psychosis among
individuals with AD. This phase 2 trial resulted in two publications, the second of
which was a subgroup analysis from the original study. The evidence from these
two publications showed that pimavanserin improves psychotic symptoms
among individuals with AD when compared to placebo at week 6.

CONCLUSION

Pimavanserin may be a pharmacologic consideration for the treatment for
psychosis in AD. Additional RCTs are needed to assess the evidence of
effectiveness before pimavanserin is considered a standard treatment.

Key words: Pimavanserin; Alzheimer’s disease; Psychosis; Psychotic disorders;
Antipsychotic agents

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: This systematic review was conducted to evaluate the evidence from randomized
controlled clinical trials of pimavanserin for the treatment of psychosis in individuals with
Alzheimer’s disease (AD). Behavioral disturbances including psychosis are prevalent in
AD, and have a significant impact on management and outcomes. There are currently no
United States Food and Drug Administration approved medications for the management of
behavioral disturbance in AD. Based on the findings of our systematic review,
pimavanserin, a novel atypical antipsychotic, may be a new pharmacologic consideration
for treating psychosis in individuals with AD.

Citation: Srinivasan S, Tampi RR, Balaram K, Kapoor A. Pimavanserin for the treatment of
psychosis in Alzheimer’s disease: A literature review. World J Psychiatr 2020; 10(7): 162-174
URL: https://www.wjgnet.com/2220-3206/full/v10/i7/162.htm

DOI: https://dx.doi.org/10.5498/wjp.v10.i7.162

INTRODUCTION

Alzheimer’s disease (AD) is among the most prevalent form of dementia, affecting
over two-thirds of the 50 million individuals living with dementia globally™.. The
combination of AD and vascular processes, also known as mixed dementia appears to
also have a high prevalence according to neuropathological studies. Furthermore,
overlap in clinical presentations can blur the distinction between AD and vascular
dementia. While cognitive impairment is a prominent clinical manifestation of AD,
behavioral changes, also known as behavioral and psychological symptoms of
dementia (BPSD) frequently occur. BPSD can include agitation, aggression, anxiety,
depressed mood, apathy, and psychosis (delusions, hallucinations, paranoia)®.
Between 25%-50% of individuals with AD develop psychosis, with variability in
course, duration, and severity of psychotic symptoms!*’l. The impact of psychosis is
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far-reaching, affecting individuals and caregivers and is associated with higher rates of
cognitive and functional decline, earlier time to institutionalization, higher treatment
mortality, and caregiver burden respectively!*’.

Available data indicates that psychosis in dementia occurs due to anatomical and
biochemical changes within the brain®l. Dysfunction of the adrenergic and
serotonergic systems may also contribute to the behavioral symptoms of demential’l.
Higher levels of norepinephrine in the substantia nigra and lower levels of serotonin
in the presubiculum have been noted among individuals with psychosis in dementia
when compared to non-psychotic individuals with demential"*"". Neuropathologic
changes that contribute to psychosis include the presence of neuritic plaques and
tangles in the frontal and temporal cortices of these individuals!'*'*"l. Metabolic and
perfusion imaging studies have demonstrated that psychosis in dementia correlates
well with frontal, temporal and parietal lobe dysfunction!"'"l. A study of delusional
misidentification symptoms (DMS) among individuals with AD found that individuals
with DMS showed increased electroencephalograph delta-power over the right
hemisphere and their computed tomography scans showed more severe right frontal
lobe atrophy, and the number of their pyramidal cells in area CA1 was lower than in
the patients without DMS["L. There is also growing evidence that psychosis among
individuals is higher among individuals who have relatives with AD and
psychosis?!l. Psychosis is also more common among individuals with APOE3/4
genotype with more than threefold increase in the signs of depression and psychosis
when compared with individuals with APOE 3/3 genotype or to control subjects!.
Data also indicates that 5-HT2A receptor polymorphism 102-T/C and the 5-HT2C
receptor polymorphism Cys23Ser are associated with the development of visual and
auditory hallucinations among individuals with AD*?1. A study examining the
association between selected polymorphisms in the dopamine receptor genes DRD1,
DRD2, DRD3 and DRD4 and the presence of psychosis or aggressive behavior among
individuals with AD found that psychosis and aggression were both significantly
more frequent among the DRD1 B2/B2 homozygotes (P < 0.02), while psychosis was
significantly more frequent in DRD3 1/1 or 2/2 homozygotes (P < 0.05)¥). Another
study found an association between the presence of psychotic symptoms and
aggressive behavior and the DRD1 polymorphism and between the presence of
psychosis, but not aggression and the DRD3 polymorphism™!. Carriers of the DRD1
B2 allele were more likely to be aggressive or experience hallucinations whereas
homozygous carriers of the DRD3 1 allele were more likely to experience delusions.
These studies indicate that BPSD develops as a byproduct of the neurodegenerative
disease process that manifests after a certain period, when the genetic factors assume
greater significance in the brain/.

Although non-pharmacological interventions are considered first line for BPSD,
pharmacologic interventions may be warranted particularly when psychotic
symptoms pose a potential threat to the individual or caregivers”*l. In the United
States, there are currently no Federal Drug Administration (FDA)- approved
medications for the treatment of psychosis in AD. While antipsychotic medications
have been used to treat BPSD in individuals with AD, efficacy rates from randomized
clinical trials have been shown to be modest”*’l. In a systematic review conducted by
Tampi et al™ of 16 published meta-analyses evaluating antipsychotics in individuals
with dementia, antipsychotics (convention and second generation/atypical) were
found to demonstrate modest efficacy for the treatment of psychosis, agitation and
aggression. However, significant limitations from an adverse effect profile were
notable. The safety profile of antipsychotic medications must be considered, as they
are associated with increased risk for death, cerebrovascular adverse events, sedation,
falls, and pneumonia™3. With these significant safety risk concerns, warnings
regarding the use of antipsychotics in individuals with dementia-related psychosis
have been issued by the United States FDA, the European Medicines Agency, and the
United Kingdom Medicines and Healthcare Products Regulatory Agency". Other
pharmacologic agents, including cognitive enhancers (acetylcholinesterase inhibitors,
memantine), glutamate modulators (dextromethorphan/quinidine), antidepressants
and hormonal agents have been studied for agitation and aggression in AD with
varying results and limited utility”l. However, off-label use of antipsychotics, for
dementia-related psychosis continues across different healthcare settings™l. As a
result, effective and safe pharmacological treatment of psychosis in AD remains an
ongoing need.

Pimavanserin, an atypical antipsychotic medication, is a novel selective 5-HT2A
inverse agonist with a low affinity for 5-HT2C receptors. Pimavanserin does not
demonstrate clinically significant affinity to dopaminergic, histaminergic, muscarinic,
or adrenergic receptors™l. Subsequent to the results of a placebo-controlled six-week
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clinical trial, pimavanserin received FDA approval in 2016 for the treatment of
hallucinations and delusions associated with Parkinson disease psychosis (PDP)1.

There is emerging evidence that pimavanserin is being trialed for the treatment of
dementia-related psychosis!”. Although published reviews have examined the
benefits and risks of antipsychotics for the treatment of psychosis in dementia, to our
knowledge, this is the first review that systematically evaluates the evidence from
literature on the use of pimavanserin for psychosis in AD from randomized controlled
trials (RCTs). In accordance with PICOS format (participants, interventions,
comparisons, outcomes, and study design), all identified studies of RCTs in adult
patients with AD who received pimavanserin for the treatment of psychosis in AD
were included.

MATERIALS AND METHODS

A systematic literature search of clinical trials of pimavanserin was performed in
accordance with the preferred reporting items for systematic reviews and meta-
analyses guidelines™. Our study protocol was registered in the PROSPERO database
of systematic reviews™. All identified studies of RCTs in adult patients with AD who
received pimavanserin for the treatment of psychosis in AD were included. Studies of
pimavanserin for the treatment of schizophrenia, dementia due to other etiologies,
PDP, mood disorders, or other conditions were excluded. Literature involving
nonhuman studies was also excluded.

We began our search with the Yale MeSH Analyzer (mesh.med.yale.edu), using key
articles to refine the search strategy for the term pimavanserin. In each database we
ran scoping queries followed by iterative refinement of the search strategy. Additional
articles were identified by examining other systematic reviews, bibliographies, and
pre-identified websites such as clinicaltrials.gov and publicly available internet
searches (Google Scholar).

Literature searches were performed in the following databases from inception to
October 25, 2019: PubMed, MEDLINE (Ovid), EMBASE (Ovid), Cochrane Central
Register of Controlled Trials (Wiley), Web of Science Core Collection (Clarivate), and
Scopus (Elsevier). No date or language restrictions were applied.

The databases were searched using both controlled vocabulary words and
synonymous free text words for pimavanserin. The Cochrane highly sensitive search
strategy was used to identify randomized trials in PubMed and Ovid databases!*’. The
Cochrane RCT search strategy was adapted to identify trials in other electronic
databases!*'. The search strategies were adjusted for the syntax appropriate for each
database/platform. See supplementary material for MEDLINE search strategy (
Supplementary Material).

RESULTS

The search retrieved a total of 499 references, which were pooled in EndNote and de-
duplicated. This set was uploaded to Covidence for screening, which identified
additional duplicates, leaving 258 for screening!*’). Two separate screeners (Srinivasan
S and Tampi RR) evaluated the titles, abstracts, and full text of eligible articles. Of the
identified 258 abstracts, 98 articles underwent full text review (Figure 1).

A total of two publications of pimavanserin among individuals with psychosis due
to AD were identified and reviewed. Both were rated as being of good methodologic
quality based on the five-point Jadad Score calculation™. This calculation assigns two
points for randomization (one point for randomization and one point for description
of system used to generate sequence of randomization), two points for blinding
(description of, and method of blinding), and one point for description of withdrawals
(Table 1). There was no funding for this review.

We identified and reviewed a total of two publications of pimavanserin for the
treatment of psychosis in individuals with AD from a single trial. The trial used the
aforementioned Jadad score calculation and was rated as being of good
methodological quality (score of 4/5). The publications are described individually
below and a brief summary of both publications is outlined in Table 2.

Study from Ballard et al, 2018
The 2018 study by Ballard et all"! was a phase 2, randomized, double-blind, placebo-
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Table 1 Jadad questionnaire

Jadad score calculation

Item Score (Yes = 1)
Was the study described as randomized 0/1
Was the method used to generate sequence of randomization described and appropriate? 0/1
Was the study described as double-blind? 0/1
Was the method of blinding described and appropriate? 0/1
Was there a description of withdrawals and dropouts? 0/1

Table 2 Summary of publications

- Age . ,
Ref. Year Number of participants (yS:) Setting Comparators Duration
Ballard 2018 181 (pimavanserin nn = 90; placebon = 250 Nursing 17 mg x 2 tablets pimavanserin vs placebo (2 12 wk
et all*'! 91) homes tablets)
Ballard 2019 181 (pimavanserin n = 90; placebon = 250 Nursing 34 mg pimavanserin vs placebo 12 wk
et all*’] 91) homes

Identification

Screening

Eligibility

el
o)
°
=
(]
c
—

(n = 499)

Records identified through database searching

(n = 258)

Records after duplicates removed

(n = 258)

Records screened

Records excluded
(n = 160)

(n =98)

Full text articles assessed for accessibility

Full text articles excluded with reasons (7 = 96)
63 not specific to AD

20 not an RCT
7 duplicates
4 not applicable

(n=2)

Studies included in qualitative synthesis

1 ongoing study
1 wrong study design

Figure 1 Preferred reporting items for systematic reviews and meta-analyses flow diagram. AD: Aizheimer's disease; RCT: Randomized controlled

trial.

JBaishideng®

WJP | https://www.wjgnet.com 166

controlled single center trial. This study was conducted at nursing homes across the
United Kingdom. Pimavanserin was compared to placebo in individuals with possible
or probable AD and psychotic symptoms (visual or auditory hallucinations, delusions
or both). This trial was 12 wk in duration and participants were aged 50 years or older.
After completing screening and baseline evaluations, trial participants were randomly
assigned in a 1:1 ratio to receive either pimavanserin or placebo. Pimavanserin dosing
was two 17 mg tablets daily and placebo was also dosed as two tablets daily.
Participants had to have resided in the nursing home for at least 4 wk in order to be
eligible for the study. The degree of psychotic symptoms meeting eligibility criteria
included clinical severity warranting antipsychotic treatment, and participant score of
> 4 for frequency x severity of hallucinations or delusions domains of the
Neuropsychiatric Inventory-Nursing Home version (NPI-NH) psychosis scale, or a
total combined score of > 6 for hallucinations and delusions. Groups were stratified
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based on baseline Mini-Mental State Examination (MMSE) total score of < 6 or > 6, and
NPI-NH psychosis score of < 12 or > 12. Following screening, brief psychosocial
therapy therapists evaluated participants during a 3-wk period and only individuals
determined to require pharmacologic intervention progressed to study randomization,
in an effort to minimize placebo response. This 3-wk period also served as a washout
phase for participants who were taking antipsychotic medications.

After progressing through screening, individuals who m et all study eligibility
criteria at baseline (day 1) received a single dose of either pimavanserin (two 17 mg
tablets) or placebo (two tablets). Participants continued to receive this regimen daily
for 12 wk. Study visits were conducted at 2-wk intervals following baseline (day 1):
days 15, 29, 43, 64, and 85, or at early termination. A telephone follow-up visit after the
last dose of study medication was conducted for safety.

The primary outcome of this study was efficacy of pimavanserin vs placebo based
on a change from baseline to week 6 in the NPI-NH psychosis score (hallucinations +
delusions). Additional correlation analyses at week 6 included NPI-NH total score,
NPI-NH agitation/aggression. AD Cooperative Study- Clinical Global Impression of
Change (ADCS-CGIC), AD Cooperative Study- Activities of Daily Living (ADCS-
ADL) total score, and the Cohen-Mansfield Agitation Inventory- Short Form (CMAI-
SF) total scorel**l. The assessment of behavioral symptoms at 6 wk and 12 wk
constituted the secondary outcomes assessment. The ADCS-CGIC, NPI-NH
agitation/aggression and sleep and nighttime domains, and the CMAI-SF total and
subdomain scores were used as a measure of agitation. Additional subgroup analyses
focused on stratified NPI- NH scores (< 12 or > 12), baseline MMSE (< 6 or = 6), sex,
age (< 85 years or > 85 years). As well as for concomitant use of anti-dementia
medication, selective serotonin reuptake inhibitor, and previous antipsychotic use. The
MMSE was used to assess cognitive impairment, and the 1987 Unified Parkinson’s
Disease Rating Scale (UPDRS) Part III was used to measure extrapyramidal
symptoms!*>.

All study participants who received pimavanserin or placebo were included in the
safety analysis, with safety outcomes measured over 12 wk. An adverse event checklist
(all reported adverse events, those leading to study discontinuation, serious adverse
events, and mortality), physical examinations, vital signs and electrocardiogram, and
laboratory tests were also conducted.

Out of 345 screened participants, 181 were randomized to receive pimavanserin (n =
90) vs placebo (n = 91). Three participants in the pimavanserin group did not have a
post-baseline NPI-NH score, and were excluded from the analysis. Of the 178
participants who were included, 160 completed 6 wk of treatment and 140 completed
12 wk. Of 26% of participants (n = 23) in the pimavanserin group and 20% of those (n =
18) in the placebo group withdrew over the 12-wk study period. The mean MMSE
score was 10.3 in the pimavanserin group and 9.8 in the placebo group.

More women (80%-82%) than men and white individuals were represented among
study participants. The mean age (years) in both groups was balanced (85.6 years in
the pimavanserin group and 86.1 years in the placebo group). More study participants
had an NPI-NH psychosis score < 12 (60%-61%). The mean MMSE score was 10.3 in
the pimavanserin group and 9.8 in the placebo group.

The investigators noted that the improvement in the primary outcome (change in
NPI-NH psychosis score) at week 6 was higher in the pimavanserin group (39.5%
reduction) vs the placebo group (19.3% reduction). They did not observe any
statistically significant differences between pimavanserin and placebo for the
additional correlational analyses at week 6 or at week 12. Although not statistically
significant (P = 0.063), a numerical difference of 5 points in the NPI-NH total score was
observed for pimavanserin compared with placebo at week 6.

In regard to discontinuation due to adverse events, the investigators reported a 9%
dropout rate (n = 8 of 90) in the pimavanserin group and 12% (n = 11 of 91) in the
placebo group. Falls, urinary tract infection, and agitation were the most common
adverse events across both treatment groups. While the frequency of falls (23%) and
urinary tract infections (22% vs 28%) were similar across both treatment groups, more
participants receiving pimavanserin experienced agitation compared to placebo.
Agitation (21% vs 14%), aggression (10% vs 4%), and peripheral edema (8% vs 2%)
were more prevalent in the pimavanserin treated group than with placebo. The
investigators also did not note differences in vital signs, clinical laboratory results or
physical examinations between groups. There were no discontinuations due to QTc
prolongation. Furthermore, the investigators found no evidence of decline in
cognition, function, global outcome, or motor symptoms over the 12-wk study period.

A summary of the findings from the 2018 Ballard et al*! study, adverse events, and
strengths/limitations are included in Table 3.
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Table 3 Summary Ballard et al*, 2018

Ref. Outcomes Tolerability Limitations
Ballard Primary outcome: At week 6: (1) Significant improvement in NPI-NH psychosis score (mean Adverse events (pimavanserin vs Limitations: (1) Study was not sufficiently powered to control for secondary outcomes;
et all*!, change was -3.76 points (SE 0.65) for pimavanserin group and -1.93 points (0.63) for placebo placebo). Most common: (1) Agitation (2) Limited number of participants in severe psychosis subcategory or prior history of

2018 (mean difference -1.84 [95%ClI: -3.64, -0.04]; P = 0.045) without negative effects on cognition or (21% vs 14%); (2) Aggression (10% vs  antipsychotic use; (3) Biomarker confirmation for patients diagnosed with Alzheimer’s
motor function; (2) Response (= 30% improvement) in 55% (pimavanserin) vs 37% (placebo); and ~ 4%); (3) Falls (21% vs 21%); (4) Urinary ~was not possible in the nursing home patients; (4) Possibility of trial participants

(3) In NPI-NH < 12 subgroup: Mean change of the score from baseline to week 6 was -0.58 tract infection (20% vs 25%); and (5) inclusion of non-Alzheimer’s type and mixed dementia; (5) High attrition rate: 26%
(95%ClI: -2.10, 0.95) for pimavanserin vs -0.16 (-1.60 to 1.28) for placebo [mean difference -0.42 Peripheral edema (8% vs 2%). Less (pimavanserin) and 20% (placebo); and (6) Absence of active comparator to assess
(95%CI: -2.52, 1.68)], Cohen’s d = -0.77; P = 0.694. At week 12: No significant advantage for common: (1) Weight loss (-0.7 kg vs -  efficacy/tolerability between pimavanserin and other antipsychotics. Strengths: (1)
pimavanserin vs placebo was observed for the overall study population [treatment difference - 0.1 kg); (2) QTc prolongation (9.4 ms  Rigorous diagnosis of psychosis - high completion rate at week 12; (2) Participants
0.51 (95%ClI: -2.23, 1.21); P = 0.561]. Secondary outcome: At weeks 6 and 12: No significant vs -0.2 ms); and (3) Death (4 vs 4) assessed in the community care homes providing access to the elderly population to be
differences between placebo and pimavanserin for ADCS-CGIC, NPI-NH agitation/aggression, included in the clinical study; and (3) Researchers were able to study frail, elderly
NPI-NH sleep and nighttime behavior disorders, and CMAI-SF participants in their “natural” environment

CI: Confidence interval; NPI-NH: Neuropsychiatric Inventory-Nursing Home version; CMAI-SF: Cohen-Mansfield Agitation Inventory- Short Form; ADCS-CGIC: Alzheimer’s disease Cooperative Study- Clinical Global Impression of
Change.

Study from Ballard et al, 2019

This paper describes the outcomes of efficacy and tolerability of pimavanserin vs
placebo in a subgroup of patients with severe psychosis associated with AD.
Participants were part of the Phase 2 study summarized above and reported by Ballard
et al* in 2018. The severity of psychosis was quantified by a cut-off score of =12 on the
NPI-NH psychosis score. Participants in this subgroup analysis were nursing home
residents with a baseline NPI-NH-NS score of = 12, who were randomized to receive
pimavanserin 34 mg or placebo daily over a 12-wk period. The primary endpoint at
week 6 was the mean change from baseline on the NPI-NH-PS score. In addition, the
investigators performed responder analyses, which was described as the observed
proportions of individuals with an improvement from baseline at week 6. The
investigators ascribed any missing values as non-responders.

The subgroup comprised of 57 participants (pimavanserin n = 27; placebo n = 30).
Over 80% of participants in both pimavanserin and placebo groups were women. The
average age range of participants was 85 years. A minority of participants in both
groups had prior antipsychotic treatment (11.1% and 13.1%, pimavanserin vs placebo
respectively). MMSE scores were similar across both pimavanserin and placebo
subgroups (8.6 and 9.2 respectively) but were lower than in the overall study
population described in the previous section.

In this subgroup, mean baseline NPI-NH psychosis scores were 15.3 (pimavanserin
group) and 16.7 (placebo group). There was a statistically significant change in NPI-
NH psychosis scores for pimavanserin vs placebo. Furthermore, the investigators
reported that of 81% of study participants who had both hallucinations and delusions
at baseline, pimavanserin was superior to placebo in treating these symptoms, with
statistically significant improvement noted at week 6 for both domain scores (P = 0.046
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for NPI-NH hallucinations, and P = 0.034 for NPI-NH delusions). While two-thirds of
pimavanserin treated study participants had improvements in their NPI-NH psychosis
score to < 6 (vs 32 % of placebo treated individuals) at week 6, 45.5% of both groups
demonstrated this drop in NPI-NH score at week 12.

From a tolerability standpoint, there were no significant differences in the incidence
of adverse events in the subgroup compared to the study population overall.
Agitation, urinary tract infections and falls were the most common adverse events in
the pimavanserin treated cohort. Over the 12-wk study period, the investigators noted
that the change in MMSE score from baseline for the overall population across both
treatment groups was minimal.

A summary of the findings from the 2019 Ballard et alt*”! subgroup analysis, adverse
events, and strengths/limitations are included in Table 4.

DISCUSSION

This review indicates that there is only one RCT that evaluated the use of
pimavanserin for the treatment of psychosis among individuals with AD. This phase 2
trial resulted in two publications, the second of which was a subgroup analysis from
the original study. The RCT was rated as having good methodological quality, scoring
4/5 on the Jadad score calculation. The evidence from these two publications indicates
that pimavanserin improves psychotic symptoms among individuals with AD when
compared to placebo at week 6. Additionally, among individuals with more severe
psychotic symptoms (NPI-NH-NS score of > 12), those individuals who were treated
with pimavanserin had better outcomes than individuals receiving placebo.
Pimavanserin was well tolerated in the study with the discontinuation rate due to
adverse events being 9% in the pimavanserin group vs 12% in the placebo group. The
investigators reported falls, urinary tract infection and agitation as the most common
adverse events across both treatment groups with the frequency of falls (23%) and
urinary tract infections (22% vs 28%) being similar across the treatment groups.
Agitation (21% vs 14%), aggression (10% vs 4%) and peripheral edema (8% vs 2%) were
more prevalent in the pimavanserin group when compared to placebo. The
investigators also did not note any differences in vital signs, clinical laboratory results
or physical examinations between the two groups. There were no discontinuations due
to QTc prolongation. Additionally, treatment with pimavanserin did not result in
decline in cognition, function, global outcome or motor symptoms over the 12-wk
study period.

The strength of this review was the extensive review of multiple databases without
any language restrictions. The limitation was that we restricted our review to only
RCTs on the use of pimavanserin for the treatment of psychosis among individuals
with AD. A review of clinicaltrials.gov found the SERENE study, conducted between
2016-2018 to evaluate the efficacy of pimavanserin 20 mg and 34 mg) vs placebo in the
treatment of agitation and aggression in individuals with AD over 12 wkP'. The
primary outcome measure was change in the Cohen-Mansfield Agitation Inventory,
while the secondary outcome measure was the Zarit Burden Interview, a measure of
dementia caregiver stress'™. While the original study design aimed to recruit 432
participants, 111 were randomized before recruitment was halted for business reasons.
The investigators noted that the final study with 111 participants was no longer
sufficiently powered to detect treatment effect.

Our review only found one RCT that met our inclusion criteria. The limitations of
the study that we included in review were as follows: It was not sufficiently powered
to control for secondary outcomes, there were limited number of participants in the
severe psychosis subcategory or with a prior history of antipsychotic use, there were
no biomarker confirmation for individuals with a diagnosis of AD who were living in
the nursing homes and a high attrition rate among the pimavanserin (26%) and
placebo (20%) groups. There strengths of the study were that there was a stringent
criteria for the diagnosis of psychosis and there was participation from frail older
adults living in community care homes in the study.

In a meta-analysis, Yasue et al® found that pimavanserin reduced the symptoms of
hallucinations and delusions when compared to placebo [weighted mean differences
(WMD) = -2.26, P = 0.005] among individuals with PDP. Additionally, pimavanserin
was found to be superior to placebo in improving symptoms of hallucinations (WMD
= -2.15, P = 0.001) and delusions (WMD = -1.32, P = 0.010) when considered
independently. The authors did not find any significant difference between
pimavanserin and placebo on the all-cause discontinuation rates for adverse events,
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Table 4 Summary Ballard et al?!, 2019

Ref. Outcomes Tolerability Limitations

Ballard  For overall population: Adjusted mean change from baseline at week 6 (adjusted mean, MMRM analysis) for the NPI-NH psychosis score was -3.76 Incidence of aggression was 14.3% in the severe Small sample size

etal™,  (0.65) for pimavanserin vs -1.93 (0.63) for placebo (delta = -1.84, 95% confidence interval (CI) [-3.64, -0.04], Cohen’s d = -0.32, P = 0.045); For patients psychosis subgroup vs 10.0% in overall population;  in subgroup;

2019 with NPI-NH scores > 12: The mean change at week 6 was -10.15 (95%Cl: -12.50, -7.80) for pimavanserin vs -5.72 (95%ClI: -8.14, -3.30) for placebo (delta Incidence of agitation was 17.9% in severe subgroup Subgroup analysis
=-4.43 (95%Cl: -7.81, -1.04), Cohen'’s d effect size of -0.73, P = 0.011); In the more severe subgroup, pimavanserin was superior to placebo at week 6in  and 21.1% in general population; Other side effects ~ was secondary

treating both hallucinations (P = 0.046) and delusions (P = 0.034); At week 6, 66.7% of those in the pimavanserin group improved to an NPI-NH included falls, UTI, contusion, respiratory tract
psychosis score < 6 vs 32.0% of those in the placebo group (difference = 34.7%); At week 12, 45.5% of both pimavanserin and placebo-treated patients  infections, anemia, edema, cellulitis, anxiety,
had an NPI-NH psychosis score < 6; The proportion with a baseline NPI-NH psychosis score > 12 achieving a response was significantly (P < 0.05) increase in urea or potassium

greater with pimavanserin vs placebo

1 1 1 1

CI: Confidence interval; NPI-NH: Neuropsychiatric Inventory-Nursing Home version; UTI: Urinary tract infections.

death, Parkinson motor symptoms and the incidence of individual adverse events.
Additionally, pimavanserin was found to be associated with less orthostatic
hypotension when compared to placebo (risk ratio = 0.33, P = 0.008, number needed to
harm =17, P = 0.01). The investigators concluded that pimavanserin is beneficial for
the treatment of symptoms of PDP and is well tolerated.

The data published by Institute for Safe Medication Practices indicated that there
were a total 2236 adverse events reported from the use of pimavanserin in the 12 mo
post-marketing observation period that ended March 2017, with hallucinations 487
(21.8%) drug ineffectiveness 333 (14.9%), confused state 258 (11.5%) and death 244
(10.9%) being the most commonly adverse events®. The United States FDA post-
marketing review did not identify any new or unexpected safety findings with the use
of pimavanserinl. In addition, the FDA did not find information that was inconsistent
with the established safety profile for the drug concluding that the drug’s benefits
outweigh its risks among individuals with PDP reporting hallucinations and
delusions.

In conclusion, the data is limited given only one published RCT to date has
examined the use of pimavanserin for the treatment of psychosis among individuals
with AD. While evidence from this study suggests pimavanserin is effective and
tolerated, more rigorous trials are needed to establish evidence of effectiveness.
However, given the identified risks of using antipsychotics among individuals with
dementia, caution should be advised when using newer antipsychotic medications
among individuals with dementiatl. Additional larger studies of longer duration of
treatment with positive outcomes will be needed prior to pimavanserin being adopted
as a standard treatment option among individuals with AD who have psychosis.
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ARTICLE HIGHLIGHTS

Research background

Alzheimer’s disease (AD) is among the most prevalent forms of dementia in the world.
Approximately 25%-50% of individuals with AD develop psychosis sometime during
their illness. The presence of psychosis in AD worsens outcomes. Currently there are
no United States Food and Drug Administration (FDA) approved medications for the
treatment of psychosis in AD.

Research motivation

Pimavanserin, a novel atypical antipsychotic medication, was approved by the FDA
for the treatment of hallucinations and delusions associated with Parkinson disease
psychosis and is currently in clinical trials for the treatment of psychosis in AD.

Research objectives
This review evaluates the existing literature regarding the use of pimavanserin to treat
psychosis among individuals with AD.

Research methods

A literature review of clinical studies of pimavanserin treatment for psychosis in
individuals with AD was performed using the preferred reporting items for systematic
review and meta-analysis guidelines. Trials were identified by systematically
searching PubMed, MEDLINE, EMBASE, Cochrane Central Register of Controlled
Trials, Web of Science, and Scopus through October 2019. The 5-point Jadad scoring
system was used to assess the methodologic quality of the randomized placebo-
controlled trials.

Research results

This systematic review found only one randomized controlled trial (RCT) that
evaluated the use of pimavanserin for the treatment of psychosis among individuals
with AD. This phase 2 trial resulted in two publications, the second of which was a
subgroup analysis from the original study. The evidence from these two publications
showed that pimavanserin improves psychotic symptoms among individuals with AD
when compared to placebo at week 6.

Research conclusions

Limited evidence indicates that pimavanserin may be a pharmacologic consideration
for the treatment for psychosis in AD. Additional RCTs are needed to assess the
evidence of effectiveness before pimavanserin is considered a standard treatment.

Research perspectives
Additional RCTs are needed to assess the evidence of effectiveness before
pimavanserin would be considered a standard treatment for psychosis in AD.
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