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Background and Objective: Gabapentin is a commonly prescribed antiepileptic agent for seizures, which is also used for pain and
addiction management. Due to growing evidence of its abuse liability, there has been an incentive to synthesise potentially useful
gabapentin derivatives devoid of adverse effects. A gabapentin adduct with a fluoxetine moiety, GBP1F, was assessed for any sedative,
cognitive, anxiolytic, or antidepressant-like actions in murine behavioral models.

Materials and Methods: Selected groups of mice were used for each behavioral paradigm, and the effect of GBPIF (5, 10, and
15 mg/kg) was assessed using spontaneous locomotor activity, the tail suspension test, elevated plus maze test, and the Y maze test
models. Immediately following behavioral experiments, postmortem striatal and hippocampal tissues were evaluated for the effect of
GBPIF on concentrations of dopamine, DOPAC, HVA, serotonin, 5-HIAA, vitamin C, and noradrenaline using high performance
liquid chromatography with electrochemical detection.

Results: GBPIF induced a mild suppression of locomotor activity, ameliorated anxiety and depression-like behavior, did not alter
cognitive behavior, and raised serotonin and 5-HIAA concentrations in the hippocampus and striatum. GBPI1F also positively
enhanced dopamine and vitamin C tissue levels in the striatum. Thus, GBP1F represents a compound with anxiolytic- and
antidepressant-like effects though further studies are warranted at the molecular level to focus on the precise mechanism(s) of action.
Keywords: depression, anxiety, DOPAC, HVA, 5-HIAA, gabapentin, cognition

Introduction

Gabapentin is a clinically used anticonvulsant with broad utility in the management of neuropathic pain, anxiety, alcohol
withdrawal, and bipolar disorders.' It exerts pharmacological activity mediated via interactions with molecular targets
located within the CNS. These include the auxiliary a2d subunit of voltage-gated calcium channels, inhibition of inward
rectifying potassium channels,® nitric oxide signaling,* and serotonergic pathways.’ Gabapentin has been reported to
decrease immobility time in animal models of depression through modulation of serotonergic, nitrergic and inward
rectifying potassium channels.” It has also been documented to enhance blood serotonin levels in healthy volunteers.®
Despite its clinical approval and off-label use in diverse populations, there has been increased prescribing of gabapentin
globally, and over the last two decades there is emerging evidence of gabapentin misuse, abuse and dependence.”’"® Due
to its safety, tolerability and abuse liability profile, there has been an incentive to synthesise potentially useful gabapentin
derivatives by addition of diverse chemical moieties such as thiols,'"® Schiff bases,'' salicylaldehyde'? and
sulfonamides.'® These derivatives have been evaluated for their possible application as antioxidants, anticancer agents,
anticonvulsants and also against neuropathic pain.'* Acknowledging the promise of positive outcomes associated with

the addition of pharmacologically and chemically diverse moieties to gabapentin, this study was designed to explore the

Drug Design, Development and Therapy 2023:17 1793-1803 1793
Received: 8 March 2023 © 2023 Gohar et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 26 May 2023
Published: 16 June 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-9749-0645
http://orcid.org/0000-0003-3967-9623
http://orcid.org/0000-0003-1702-5100
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Gohar et al Dove

/N
HO N \
H CH3

Figure | Structure of the Gabapentin-fluoxetine derivative GBPIF.

potential of a new gabapentin adduct with fluoxetine (GBPIF; Figure 1) for any possible sedative, anxiolytic or
antidepressant-like activity in murine behavioral models. A simultaneous correlative neurochemical study was under-
taken in postmortem hippocampal and striatal tissues for levels of vitamin C, the neurotransmitters, noradrenaline,
serotonin and dopamine, as well as the metabolites 3, 4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA)
and 5-hydroxyindole acetic acid (5-HIAA).

Materials and Methods

Acquisition of Animals

Female BALB/c mice (n=6/group) weighing 25-30g were acquired from the animal care facility of the Department of
Pharmacy COMSATS University Islamabad, Abbottabad campus. The animals were housed in standardized environ-
mental conditions at a temperature of 24 + 1°C, and a 12:12-hour light and dark cycle (lights on at 8:00 am and off at
8:00 pm). Standardized recommended laboratory-prepared food and water were provided ad libitum. Ethical guidelines
developed by the ethical care committee of COMSATS University Islamabad, Abbottabad Campus were followed during
experimentation under an allotted number of PHM.Eth/CS-M01-019-2901. Guidelines followed were compliant with
the Animal Care Act (1986) of the United Kingdom.

Drugs
GBPI1F was donated by Prof. Dr. Umar Rashid Department of Chemistry CUI Abbottabad.

Animal Grouping (N= 6/Group)
Group No. 1: Normal saline (10ml/kg orally)
Group No. 2: GBPIF (5 mg/kg, orally)
Group No. 3: GBPIF (10 mg/kg, orally)
Group No. 4: GBPIF (15 mg/kg, orally)

Behavioral Tests
The GBP1F compound was freshly prepared as a suspension in 10% carboxymethylcellulose (CMC) and administered at
doses of 5, 10, and 15mg/kg orally (P.O.) and 60 minutes later, the animals were subjected to different behavioral tests.

Locomotor Activity

In order to evaluate exploratory locomotor behavior, mice were subjected to an open field test.">!” Locomotor activity
was assessed in locomotor activity boxes (45.6x45.6x30 cm) with the floor divided into quadrants (22.8%22.8 cm). In
between animal trials, the open field activity box was cleaned with 70% ethanol. Sixty minutes after dosing, locomotor
activity was recorded for individual animal using a video camera mounted 230 cm above the open field arena. The
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number of line crossings was noted by an observer who was blinded to the treatments, and data was analysed

accordingly.'®""

Elevated Plus Maze (EPM)

To assess anxiety-like behavior, animals were subjected to the elevated plus maze (EPM). The EPM apparatus was
comprised of a total of four arms; two open (16 x 5 cm?) and two closed (16 x 5 cm?). The closed arms had 12 ¢cm high
walls that were painted black. However, the open arms were devoid of walls. Between the open and closed arms, there
was a central arena of 5x5 cm where animals were gently placed at the start of testing. The maze was elevated 25 cm
above the laboratory floor and a video camera mounted 100 cm above the apparatus recorded subject behavior during
each individual 5-minute test session. During individual sessions, the time expended in each arm was determined and the

criterion for arm occupancy was established when all four limbs were present inside the specific arm.*'

Tail Suspension Test (TST)

The tail suspension method was applied for the evaluation of any possible antidepressant-like effect of the test
compound. Each animal was gently suspended by the tail with the help of adhesive tape attached to a wooden apparatus
located 59 cm above the floor for a total of 6 minutes. The mean mobility time of animal groups was documented after

one minute of habituation and the data was statistically analysed.?*

Forced Swim Test (FST)

In order to evaluate depression-like behavior and behavioral despair, the Porsolt forced swim test was used. Each FST
apparatus (individually screened from each other, but in quadruplicate) consisted of a Plexiglas cylinder (20 cm in
height x 10 cm in diameter) surrounded by a squared area with 3 white acrylic walls (20 x 40 x 60 cm) and one open wall
for recording. The cylinder was filled with water to a depth of 7.5 cm and the temperature was mainatained at 23.0 °C. In
each test session, mice were placed in the water for a total of 6 min and the time of behavioural immobility was recorded
by video camera.?*

Y-Maze Test

The Y-maze consisted of three equal-length arms (21 cm long x 8.5 cm wide x 40 cm height) positioned at an angle of
120°. Individual animals were placed in the center of the maze and allowed to habituate for 5 mins. Animal arm entries
were recorded by video camera when both hind paws were present in any specific arm. Maze deodorization between
sessions was performed with 70% ethanol. For analysis of spontancous Y-maze activity, the number of alternations,
entries in each arm, and percentage alternations were determined. The following formula was used for the calculation of

percentage alternations.?®*’

. Total alternations
% alternations =

— X
Number of arms entries

Quantification of Neurotransmitters and Their Metabolites Using HPLC

Animals were killed by decapitation at the end of behavioral experiments and whole brains were excised and
immediately placed on an ice-chilled plate. The striatum and hippocampus, were extracted, stored in labeled
Eppendorf tubes. Prior to analysis, they were homogenized in ice-chilled 0.2% perchloric acid. Brain samples were
then stored at —80°C to preclude neurotransmitter degradation. Using high performance liquid chromatography (HPLC)
dopamine, 3, 4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), serotonin, 5-hydroxyindole acetic acid
(5-HIAA), noradrenaline and vitamin C were quantified from stored brain samples. HPLC analysis was performed using
the method outlined by Rauf et al.*®
analysis and separation was achieved using analytical columns (MD_150; 3 x 150, 3 um), and an electrochemical detector
(ESA Choulchem IIT model 5300) coupled with an analytical cell (model 5011 A). Electrodes A and B of the analytical
cell were kept at +200 and —200 mV respectively, with a selected sensitivity of 2 pA, and the guard cell (model 5020)

A Shimadzu HPLC system coupled to an electrochemical detector was used for

was maintained at 500 mV. Freshly prepared and filtered mobile phase with 2.3 mM sodium 1-octane sulphonic acid, 94
mM sodium dihydrogen orthophosphate, 40 mM citric acid, 50 pM EDTA and 10% acetonitrile (pH 3).
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Statistical Analysis

Data were presented as mean + SEM values. Behavioral and neurochemical data was analyzed using one-way ANOVA
followed by post hoc Dunnett’s test for multiple comparisons. The threshold for statistical significance was assumed at
P<0.05 and GraphPad Prism (version 9) was used for all analyses.

Results
Activity of the Gabapentin Derivative, GBPIF on Locomotor Activity

GBPIF administered at the lowest dose (5 mg/kg) did not statistically modify animal locomotor activity. However, there
was a dose related mild suppression of activity at the two higher doses by up to 71.0% at 15 mg/kg in comparison with
the saline vehicle treated control group (Figure 2).

Activity of the Gabapentin Derivative, GBPIF in the Elevated Plus Maze (EPM)

GBPIF did not modify the occupancy time on the center of the maze. Conversely, all three GBP1F doses markedly
increased the time spent in the maze open arm while simultaneously diminishing the occupancy period in the closed arm
when compared to the control animals. These outcomes may well reflect an overall anxiolytic-like behaviour induced by
GBPIF (Figure 3).

Activity of the Gabapentin Derivative, GBPIF in the Tail Suspension Test (TST)

GBPIF at the two higher doses (10 and 15 mg/kg) dose-dependently reduced the group mean immobility time
respectively by 69.0% and 45.0% versus controls in the TST (Figure 4). Since, immobility is considered as an index
of “depression-like behavior”,”® the converse interpretation of an antidepressant-like effect may be adopted where

a GBP1F-induced decrement in immobility time is observed (Figure 4).

Activity of the Gabapentin Derivative, GBPIF in the Forced Swim Test (FST)
GBPIF administered at all three dose levels (5, 10 and 15 mg/kg) generated a dose-related inhibition of immobility time
in the FST causing a 52.0% decrease in this parameter at the highest dose, compared to saline vehicle treated controls

El Saline (10ml/kg)
= GBPIF (Smg/kg)
= GBPIF (10mg/kg)
B3 GBPIF (15mg/kg)

* %

*

150

100+

I
50
0_
|
1

Dose (mg/kg)

Locomotor Activity
(No. of lines crossed in 30 minutes)

Figure 2 Action of orally administered GBPIF (5, 10 and 15 mg/kg) on spontaneous locomotor activity in mice. (**P<0.01 and *P<0.05).
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Figure 3 Anxiolytic-like activity in the elevated plus maze (EPM) of orally administered GBPIF (5, 10 and 15 mg/kg) in mice. **P<0.001.
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Figure 4 Antidepressant-like activity in the tail suspension test (TST) of orally administered GBPIF (5, 10 and |5 mg/kg) in mice. ***P<0.001 and *P<0.05.

(Figure 5). This measure is thought to be predictive of depression-like behavior,”® and it is apparent that GPBIF has

inhibitory activity against this behavioral element.

Activity of the Gabapentin Derivative, GBP|F on Cognitive Performance in the Y-Maze
GBPIF (5-15 mg/kg) did not modify animal performance in the Y-maze. This outcome was signified by a lack of any
significant change evoked by the compound on total arm entries, number of alternations or percentage alternations,
suggesting that there was no incitement of a spatial memory deficit (Figure 6).
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Figure 5 Antidepressant-like activity in the forced swim test (FST) of orally administered GBPIF (5, 10 and |5 mg/kg) in. ***P<0.001 and *P<0.05.
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Figure 6 Cognitive activity in the y-maze of orally administered GBPIF (5, 10 and |5 mg/kg) in mice.

Action of the Gabapentin Derivative, GBPIF on Hippocampal Concentrations of

Monoamine Neurotransmitters and Their Metabolites Plus Vitamin C

The hippocampal serotonin tissue concentration was augmented by treatment with gabapentin (45 mg/kg) as well as the highest
dose of GBPIF (15 mg/kg). Correspondingly, gabapentin and all three doses of GBP1F increased hippocampal 5-HIAA levels
compared to the saline-treated group. There was also a notable increase in hippocampal noradrenaline tissue levels with
gabapentin. However, treatment with the gabapentin derivative, GBP1F did not disclose any difference from the saline-treated
group (Table 1A). Hippocampal tissue dopamine, DOPAC and HVA levels were all elevated by gabapentin while GBP1F did not
modify either dopamine or HVA. However, the highest dose of GBP1F did induce an upsurge in DOPAC concentration in the
hippocampus (Table 1B). Treatment with neither gabapentin nor GBPIF altered the concentration of vitamin C in the

hippocampus (data not shown).
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Table | Action of the Gabapentin Derivative, GBPIF on Hippocampal Concentrations of Monoamine Neurotransmitters and Their
Metabolites Plus Vitamin C

A)

Treatment Groups Noradrenaline Serotonin 5-Hydroxyindole Acetic Acid
(ng/mg of Wet Tissue) (ng/mg of Wet Tissue) (ng/mg of Wet Tissue)

Saline(Vehicle) 10 mL/kg 225.3+7.1 136.3.94£6.2 85.3+3.0

Gabapentin (45mg/kg) 358.2.0+ . 1%** 239.8+|.9%%* 212.7+| 8%

GBPIF (5 mg/kg) 266.2%1.2 120.7+2.8 129.3+7.4**

GBPIF (10 mg/kg) 212.2£25 139.0£1.9 132.047.5%%*

GBPIF (15 mg/kg) 267.2%3.9 188.3£2.7+* 153.247.6%+*

(B)

Treatment Groups Dopamine DOPAC HVA Vitamin C

(ng/mg of Wet Tissue) (ng/mg of Wet Tissue) | (ng/img of Wet Tissue) | (ng/mg of Wet Tissue)

Saline(Vehicle) 10 mL/kg 122.34£5.7 34.67+4.2 49.3+7.9 132.5+£5.5

Gabapentin (45mg/kg) 210.246.0%* 74.83+5.5% 72.847.8% 156.5+2.4

GBPIF (5mg/kg) 118.5£5.5 40.83+5.0 46.5+5.9 122.0£5.0

GBPIF (10mg/kg) 119.5£6.1 48.50+6.1 58.1%5.1 125.243.3

GBPIF (15 mg/kg) 148.2£1.2 59.3+5.3* 54.3x1.3 0146.0+4.6

Notes: ANOVA (one way) and post hoc Dunnett’s test were used to analyse all data, which were provided as mean * SEM with n=6. ¥p<0.05, *¥p<0.01, ***p<0.001.

Action of the Gabapentin Derivative, GBPIF on Striatal Concentrations of

Monoamine Neurotransmitters and Their Metabolites Plus Vitamin C

The striatal serotonin tissue concentration was enhanced by treatment with either gabapentin or the two higher doses of
GBPI1F (10 and 15 mg/kg). Similarly, gabapentin and the two higher doses of GBP1F elevated striatal levels of 5-HIAA.
In addition, there was a marked rise in striatal noradrenaline in response to gabapentin though GBP1F administration did
not change the concentration of this neurotransmitter in the striatum (Table 2A). The striatal tissue dopamine concentra-
tion was also elevated by gabapentin though only the highest dose of GBP1F augmented tissue dopamine in the striatum.
Moreover, neither gabapentin nor GBP1F modified striatal levels of DOPAC or HVA compared to the saline-treated
animals. There was also a statistically significant increase in the striatal tissue concentration of vitamin C caused by the
highest dose of GBP1F though this effect did not extend to gabapentin (Table 2B).

Discussion

Gabapentin has extensive off-label use in neuropsychiatric disorders apart from epilepsy, primarily as a treatment for
alcohol withdrawal and alcohol use disorder, as well as a third-line treatment for social anxiety and severe panic
disorder.”’ Although there are no trials reporting clinical effectiveness of gabapentin in mood disorders*® one retro-
spective study has outlined the efficacy of gabapentin as adjuvant therapy for multi-drug resistant depression.*! In
preclinical studies in vitro, gabapentin has been shown to exert effects through inhibition of P/Q and L-type Ca*"
channels.**? Gabapentin exerts antidepressant effects in murine models through the NO/cGMP pathway.* It is pertinent
to mention that apart from depression, an interaction between nNOS and GABAergic pathways has also been implicated
in epilepsy.®* Gabapentin has diverse targets in the brain and it has been reported to exert antidepressant-like activity by
interacting with ATP-sensitive potassium channels.® Such inherent actions are positively conducive towards amelioration
of the emotional component of pain, in addition to a core effectiveness in relieving pain centrally via transient receptor
channels and voltage-gated Ca®" channel subunits.>>~*® In our study, GBP1F had a behavioral antidepressant-like effect at
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Table 2 Action of the Gabapentin Derivative, GBPIF on Striatal Concentrations of Monoamine Neurotransmitters and Their
Metabolites Plus Vitamin C

A)

Treatment Groups Noradrenaline Serotonin 5-Hydroxyindole Acetic Acid
(ng/mg of Wet Tissue) (ng/mg of Wet Tissue) (ng/mg of Wet Tissue)

Saline(Vehicle) 10 mL/kg 124+9.2 461.0£7.4 59.8+2.2

Gabapentin (45mg/kg) 161.24£9.2* 606.5+2.1* 96.5+4.7+%*

GBPIF (5 mg/kg) 131.8+£9.5 559.0+1.8 68.3+3.3

GBPIF (10 mg/kg) 137.3+84 604.5+1.6* 78.0£4.2%*

GBPIF (I5 mg/kg) 146.2+4.9 690.0+2 5%+ 77.0£3.6%

(B)

Treatment Groups Dopamine DOPAC HVA Vitamin C
(ng/img of Wet Tissue) (ng/img of Wet Tissue) (ng/img of Wet Tissue) | (ng/mg of Wet Tissue)

Saline(Vehicle) 10 mL/kg | 492.3+1.8 92.1+7.0 174.8+£9.0 73.314.2

Gabapentin (45mg/kg) 678.7+] 5% 67.3x7.0 151.2+6.8 76.6%3.1

GBPIF (5mg/kg) 528.7x1.5 92.5+9.5 146.8+6.7 78.8+3.6

GBPIF (10mg/kg) 564.5+3.0 99.6+4.9 145.8+1.7 80.6+3.0

GBPIF (I5 mg/kg) 672837+ 99.6+4.9 142.7£5.5 88.3+3.0%

Notes: ANOVA (one way) and post hoc Dunnett’s test were used to analyse all data, which were provided as mean * SEM with n=6.%p<0.05, *¥p<0.01,***p<0.001.

all doses studied. Additionally, there was evidence that the tissue concentration of dopamine was enhanced by GBP1F
and gabapentin in the striatum and it is of note that dopamine has been implicated in modulating both glutamate and
GABA via L-type calcium channels.>’*® Consequently, enhanced levels of dopamine and subsequently altered metabo-
lism may have feasibly contributed to the antidepressant-like action of GBP1F, although more receptor-specific studies
are warranted to fully elucidate this phenomenon. Dopamine is also involved with a number of crucial central neuronal
activities that have key outcomes in thinking, mood, and behavior. In relation to this, drugs such as bupropion, which
facilitates dopamine reuptake, has significant antidepressant effects® and induces non-clinical antidepressant-like activity
partly via modulation of dopaminergic tone.***! Moreover, patients displaying low levels of HVA have been found to
exhibit treatment-resistant depression.*” So the gabapentin-induced hippocampal HVA upsurge observed in our study,
may infer potentiality as an antidepressant by way of enhanced dopaminergic tone.

Noradrenaline also plays a substantial role in depression, and patients with refractory depression may display lower central
noradrenaline levels.** In both humans and animals, noradrenaline regulates mood, cognition, social behavior, decision making,
and to some degree neuropathic pain.* Furthermore, it has been reported that the antidepressant-like effect of Vitamin B6 in the
forced swim test is also mediated via noradrenaline and its adrenoceptors.** In addition, noradrenaline given by direct
microinjection into the periaqueductal grey (PAG) area induces anxiolytic-like activity in the EPM.** Hence, our finding, that
GBPIF yielded a similar anxiolytic-like effect in the EPM, may be at least partly attributable to an enhancement of central
noradrenaline concentration. It is also noteworthy that noradrenaline has been shown to induce neurogenesis by controlling TRK
B signaling and augmenting BDNF levels.***’ In contrast, decreased neurogenesis and a subsequent smaller hippocampal size
due to downgraded neurogenesis are hallmarks of clinical depression.*® Attenuation of serotonergic and noradrenergic transmis-
sion in the cortex and hippocampus is associated with memory impairment*” and in our case, there was no behavioral evidence
that GBP1F caused any memory detriment or a learning deficit.’® SSRI and MAO inhibitors have been shown to exert
antidepressant effects primarily by increasing serotonin levels in key brain areas, and natural as well as synthetic compounds

that enhance brain serotonin levels have been reported to possess antidepressant activity.”'*> We found that GBP1F enhanced
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serotonin levels in the hippocampus, so it may be a conceivable deduction that this serotonin elevation was a participating factor
in the identified behavioral antidepressant-like activity.

There is a positive correlation between the concentration of Vitamin C and catecholamine levels in the brain, there
being an overall involvement in the regulation of mood and learning. Indeed, it appears that low levels of vitamin
C facilitate the progression of multiple neuropsychiatric illnesses including anxiety and depression.> In light of this, our
finding that GBP1F raised vitamin C levels, albeit in the striatum, may possibly suggest not only that a neuroprotective
antioxidant effect prevailed, but also that there was an anxiolytic- and/or antidepressant-like propensity.

In conclusion, over the dose range studied, GBP1F produced a mild suppression of locomotor activity, ameliorated
anxiety and depression-like behavior, did not alter cognition, and raised hippocampal and striatal serotonin and 5-HIAA
concentrations while simultaneously increasing the tissue levels of striatal dopamine and vitamin C. It was deduced that
GBPI1F represents a compound with both anxiolytic/antidepressant-like effects though further studies are warranted at the
molecular level to focus on the precise mechanism(s) of action.

Disclosure
The authors report no conflict of interest in this work.
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