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1 | INTRODUCTION

Abstract

The prolonged exposure to obesogenic diets disrupts the mesocortical dopaminergic
input to the prefrontal cortex (PFC). This leads to suboptimal dopamine levels in this
brain region, which affects cognition and control of food intake. Treatments that re-
store mesocortical dopaminergic neurotransmission may improve obesity-associated
cognitive dysfunction and modulate food intake to induce weight loss. Given the
complexity and multifactorial nature of obesity, combination treatments would likely
achieve sizeable and sustained body weight loss and improve obesity-linked out-
comes, such as cognitive dysfunction. Given this background, we hypothesize that
concomitant activation of serotonin 5-HT2C and histamine H1 receptors, coupled
with antagonism of histamine H3 receptors, synergistically modulates mesocortical
dopamine neurotransmission and ameliorates obesity-induced cognitive dysfunction.
We propose to test the hypothesis in a diet-induced obesity (DIO) rat model by treat-
ing animals with the 5-HT2C agonist lorcaserin and the H1 agonist and H3 antago-
nist betahistine. Consistent with our hypothesis, both lorcaserin and betahistine have
been shown to reduce body weight in humans with obesity and animals. Both drugs
have been demonstrated to improve cognitive functions by influencing dopaminergic
signaling in the PFC. The proposed combination treatment addresses the paucity of
studies on obesity treatments that improve cognitive function. This research may also
help identify a potential targetable mechanism connecting obesity and neurocogni-

tive outcomes.
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consequences of obesity are far-reaching—it increases the risk of not

only diabetes, cardiovascular disease, and certain cancers, but also

Obesity is considered as “the epidemic of the 21st century,”* with dementia such as Alzheimer's disease.?> Notably, obesity diminishes

worldwide rates having more than doubled since 1980. The health cognitive function throughout life, even in the absence of metabolic

Abbreviations: 5-HT2C, serotonin 2C; BMI, body mass index; D2, dopamine 2; DIO, diet-induced obesity; H1, histamine 1; H3, histamine 5; PFC, prefrontal cortex; VTA, ventral

tegmental area.
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syndrome or diabetes.® Considering the rising global prevalence of
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obesity, research that delves into the mental health consequences
of obesity is extremely important. Furthermore, drug development
in this area merits priority in the absence of specific treatments that
directly address obesity-induced cognitive outcomes.

The prefrontal cortex (PFC), one of the critical brain areas sub-
serving cognition, learning, and memory functions, is significantly
impacted by diet-evoked obesity.>* Moreover, the prolonged ex-
posure to obesogenic diets disrupts the mesocortical dopaminergic
input to the PFC, resulting in circuit dysregulation and subsequent
alterations in cognition and eating behavior.* Of note, marked reduc-
tions in PFC dopamine have been observed in both obese humans
and animals,>*° implying that dopamine plays a vital role in obesity
and associated cognitive deficits and dysfunctional eating behavior.
Thus, treatments that restore mesocortical dopaminergic neuro-
transmission may improve obesity-associated cognitive dysfunction
and modulate food intake to facilitate weight loss. Psychostimulants
(e.g., amphetamine and phentermine), which increase brain dopa-
mine levels,® are widely known to produce cognitive enhancement
and weight loss.”® However, the abuse liability, coupled with other
detrimental side effects of these drugs, warrant identification of
non-psychostimulant anti-obesity treatments.

Aside from dopamine, the monoamine neurotransmitters se-
rotonin and histamine also regulate cognition and appetite.” !
Moreover, serotonin 5-HT2C and histamine (H1) and (H3) receptors
have been demonstrated to affect dopaminergic signaling and may
thus modulate cognitive functions and food intake directly and in-
directly through dopamine neurotransmission.”** For example, the
selective 5-HT2C receptor agonist lorcaserin increased the firing
rate of dopamine neurons.’? Blockade of H3 receptors by thiop-
eramide also increased the firing activity of dopaminergic cells.*
Lorcaserin also improved the cognitive functions of obese animals.*®
Betahistine, an H1 receptor agonist and H3 receptor antagonist,
enhanced cognitive function in schizophrenic patients.** Lorcaserin
and betahistine have also been reported to decrease food intake
and promote weight loss in animals and humans.”*?>¢ Notably, H3
receptor antagonists have been shown to increase extracellular do-
pamine concentrations in the prefrontal cortex.”" There is some
evidence suggesting that H3 receptor blockade does not increase
dopamine levels in the striatum,’” which may indicate lack of abuse
liability of H3 antagonists. Similarly, lorcaserin altered firing rate and
pattern of the ventral tegmental area dopamine neurons but did not
affect dopamine release in the nucleus accumbens.?°

The complexity and multifactorial nature of obesity indicate that
combination treatment strategies would achieve the greatest like-
lihood of success in facilitating weight loss and in treating obesity-
linked outcomes.?! Combination treatments of anti-obesity drugs
with different pharmacodynamic actions and produce effects on
multiple pathways may also overcome the natural compensatory
mechanisms involved in energy homeostasis which could reduce
their efficacy.22 In the same vein, combination treatments of drugs
that work synergistically or in parallel could also produce the most
significant benefit in treating obesity-related cognitive dysfunction.

1.1 | Hypothesis

We hypothesize that concomitant treatment with lorcaserin and
betahistine synergistically modulates mesocortical dopamine neu-
rotransmission and ameliorates obesity-induced cognitive deficits in
a diet-induced obesity (DIO) rat model. The two drugs also synergis-
tically enhance weight loss in obese subjects. The rationale for this
hypothesis lies in the reported improved outcomes (e.g., enhanced
weight loss) of combination treatment vs. monotherapy in obesity.21
The scientific premise supporting the selection of the two drugs
is based on 1) the reported efficacy of these non-psychostimulant
agents to target receptors that influence dopamine signaling in the
PFC and 2) their ability to reduce body weight in obesity clinical tri-
als.>*® Notably, high doses of betahistine enhanced working memory
of healthy human subjects.23 No changes in cognition was observed
with up to 1 month of lorcaserin treatment in obese humans,?* al-
though animal studies showed cognitive-enhancing effects of lorca-
serin in obese mice.'® In view of these findings, we hypothesize that
lorcaserin and betahistine, given individually, do not robustly im-
prove cognitive functions, or higher doses of each drug are required
to achieve that effect. When co-administered, these drugs would
synergize to enhance mesocortical dopamine release (Figure 1).
By restoring mesocortical dopaminergic signaling, the combination
treatment may not only ameliorate obesity-induced cognitive dys-
function but also strengthen the cognitive control of food intake.
These effects may occur at low doses of each drug that produce

minimum side effects.

2 | STRATEGIES TO EVALUATE THE
HYPOTHESIS

2.1 | Determine the efficacy of combination
lorcaserin and betahistine to ameliorate cognitive
dysfunction in a diet-induced animal model of obesity

Obesity in Western countries is driven primarily by overconsumption
of obesogenic diets.2 Therefore, the DIO model would appropriately
reproduce human overweight and obesity, and obesity-induced al-
terations in PFC-dependent cognitive functions, as described previ-
ously.* DIO can be achieved by giving adult (12 weeks old) Wistar
rats an obesogenic diet (41% kcal from fat) for 8 weeks. The con-
trol group could be assigned standard chow (13% kcal from fat). In
our hands, an 8-week exposure to an obesogenic diet is enough to
induce obesity in rats and to alter PFC-dependent functions.?%?”
Successful induction of obesity in rats can be verified through an-
thropometric measurements performed weekly, including measur-
ing the percentage of body weight gain, abdominal circumference
(AC) and Body Mass Index (BMI).28 Of note, the BMI positively cor-
related with fat mass in rats, indicating a reliable estimate of body
fat. To measure the effects of DIO on cognitive functions, rodent
behavioral tests for cognition can be used, such as the novel object
recognition test, Y-maze tasks, and object-in-place test. Notably,
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FIGURE 1 Hypothesis: Lorcaserin plus betahistine synergistically enhances mesocortical dopamine and ameliorates cognitive dysfunction
in obese animals. Both lorcaserin and betahistine increase dopamine release in the PFC, but they produce the effect via different mechanisms.
Lorcaserine activates serotonine 5-HT2C receptors on mesocortical dopaminergic neurons to increase their firing rate. Betahistine blocks the
inhibitory histamine H3 receptors on dopaminergic neurons. When co-administered, the two drugs would act synergistically to restore the
mesocortical dopamine deficit in obese animals and ameliorate cognitive dysfunction caused by the reduced activation of both D1- and D2-
like receptors on PFC pyramidal cells and interneurons. Betahistine may exert additional pro-cognitive effects by stimulating H1 receptors and
increasing the release of histamine and other transmitters such as acetylcholine and norepinephrine in the PFC?®

the Y-maze and object-in-place tasks are PFC-dependent cognitive
assays.® Ideally, the behavioral tests should not require too much
locomotion to avoid the potential confounds of obesity-related de-
creases in physical performance. DIO results in persistent cognitive
impairments in our model even when obese rats are placed on a con-
trol diet (unpublished finding).

After verifying obesity-induced cognitive dysfunction, rats can
be randomized to receive either saline or drugs while being main-
tained on their respective diets. Control rats can also be given either
saline or drugs. To measure the effects of long-term drug treatment
on cognition, rats could be implanted with osmotic minipumps to
facilitate continuous drug delivery for several weeks. The use of
osmotic minipumps would also allow chronic drug delivery with-
out introducing additional stressors. The lorcaserin and betahistine
doses used in the combination treatment should ideally be minimum
effective doses or lower than those that produce robust weight loss
in obese rats when the two drugs are given individually. This strat-
egy could help reduce dose-related adverse effects of and improve
tolerability to the combination treatment.?? To verify additive or syn-
ergistic effects of the combination treatment, an isobologram anal-
ysis may be employed by comparing theoretical versus experimental
ED50s of the drug combination, as described in previous studies.?”3°

It is important to ensure that induction of obesity and cognitive
behavioral testing are conducted in adult rats, considering the re-
ported increased risk of late-life cognitive impairment with being
obese during the midlife.? Aside from the above-described behav-
ioral tests, locomotor activity assays may also be employed to en-
sure responses in cognitive tests are not affected by obesity-related
decreases in physical performance.

Although changes in cognitive functions would be the pri-
mary outcome of this study, it would also be interesting to exam-
ine whether a relationship exists between the outcomes related to

cognitive function and weight loss effects through correlation anal-
ysis. A positive correlation would lead to another interesting ques-
tion of whether the improvement of cognitive function results from
weight loss or vice-versa. However, it is possible that obese rats given
lorcaserin plus betahistine show either enhanced cognitive functions
or more significant weight loss compared with monotherapy, but not
both. This finding may suggest a dissociation between cognition and
food intake and a specific PFC-associated function (cognition or food
intake) influenced explicitly by the combination treatment. On the
other hand, there might be within-group variations in cognitive and
weight loss improvements in lorcaserin plus betahistine-treated rats.
This may reflect the clinical case of the heterogeneous response of
obese individuals to drug treatment. Future studies will determine
whether metabolic outcomes (e.g., blood glucose and insulin and
leptin resistance) play a role in obesity-induced cognitive dysfunction

in DIO, and if the combined treatment also improves those outcomes.

2.2 | Demonstrate the efficacy of the combination
treatment to restore mesocortical dopamine signaling
in obese rats

The mesocortical dopamine pathway plays a pivotal role in regulat-
ing cognition and food intake.* Obese patients and animal models of

obesity show a significant reduction in PFC dopamine levels,?*3!

sug-
gesting dysfunction in this pathway, which may contribute to cogni-
tive dysfunction, poor inhibitory control, and compulsive overeating.4
Therefore, restoring mesocortical dopamine signaling may improve
cognitive functions and strengthen cognitive control of food intake.
Our preliminary in vivo electrophysiology studies showed de-
creased dopamine neuron activity in the ventral tegmental area

(VTA) of DIO rats (unpublished finding), consistent with the reported
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decreased dopamine release and reduced biochemical activity
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of VTA-dopamine neurons in obese rats and humans.?3! We also
found that injection of lorcaserin dose-dependently increased the
firing rate of mesocortical dopamine neurons of non-obese rats.
Lorcaserin, therefore, may help restore dysregulated dopaminergic
signaling in obese animals. Moreover, the addition of betahistine may
amplify this effect of lorcaserin, and together, these drugs may syn-
ergistically modulate mesocortical dopamine neurotransmission and
ameliorate obesity-induced cognitive deficits in animals (Figure 1).
To demonstrate the efficacy of combination lorcaserin and beta-
histine to restore mesocortical dopaminergic signaling in DIO rats,
in vivo electrophysiology may be employed. In vivo electrophysiol-
ogy allows simultaneous recordings of the PFC local field potentials
(LFPs) and dopamine neuron single unit activities as described in our
previous studies.333 Antagonists selective for 5-HT2C and H1 re-
ceptors may then be used to confirm that the effects of lorcaserin
and betahistine are mediated by 5-HT2C and H1 receptors, respec-
tively. H3 antagonists (e.g. thioperamide) could also be employed
to determine whether the drug partially mimics the effects of the
combination treatment. At the end of in vivo recordings, the cell's
response to low doses of the dopamine D2 receptor agonist apo-
morphine (1-8 pg/kg) could then be examined. Unlike mesolimbic
dopamine neurons, mesocortical dopamine neurons do not possess
somatodendritic D2 autoreceptors®* and, therefore, should not be
inhibited by low doses of apomorphine. The above-described exper-
iment will demonstrate that restoring mesocortical dopamine signal-
ing is responsible for improving cognitive functions in obese rats.
One possible finding of this experiment is that lorcaserin plus
betahistine produces different effects on mesocortical dopamine
neurons in obese rats, which could be expected given the hetero-
geneity of dopamine neurons in the VTA.3* This response hetero-
geneity must be noted during the data analysis. To verify synergistic
effects of the combination treatment, an isobologram analysis may
also be conducted as described above. Moreover, it would be logical
to compare the acute and chronic effects of the combination treat-
ment on the above parameters. Other experiments, e.g., brain mi-
crodialysis or fiber photometry, should be employed to establish that

the combination treatment, indeed, increases PFC dopamine levels.

3 | SIGNIFICANCE OF THE HYPOTHESIS

This study is significant because it addresses the paucity of studies
on obesity treatments that improve cognition. Studies that explore
the mental consequences of obesity are few in number. Because ani-
mal models have excellent predictive validity for the clinical efficacy
of anti-obesity drugs, the findings of this study are likely to reach
clinical testing in the near future. Additionally, this research may
help identify a potential targetable mechanism connecting obesity
and mental health. Dopamine is a potent mediator underpinning the
individual effects of obesity on the brain and behavior. This study
has the potential to show that the targetable mesocortical dopamine
pathway is involved in DIO and cognitive dysfunction.

Furthermore, this study is essential because it utilizes drug repur-
posing to discover pharmacological treatments that may ameliorate
obesity-induced cognitive dysfunction. Few studies have evaluated
evidence-based pharmacotherapy to reduce neurocognitive conse-
quences of obesity. Finding new uses for approved drugs will pro-
vide the quickest possible transition from bench to bedside. Finally,
pharmacological treatments that restore cognitive dysfunction in
obesity will demand practical interventions for long-term weight
management in individuals with obesity. They could potentially en-
hance dietary self-regulatory abilities resulting in better food and
lifestyle choices in obese individuals.

4 | NOMENCLATURE OF TARGETS AND
LIGANDS

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY®® and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%
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