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Abstract

Introduction: Cognitive deficits were found to be more pronounced in diabetic neuropathic pain
(DNP) patients, with limited treatment options. This study investigates the effects of 5-HT7
agonist (LP-211), alone and in conjunction with gabapentin, on cognitive deficits in insulin-
treated DNP (IDNP) rats.

Materials and Methods: Diabetes was induced in male rats (N=71) using streptozotocin (50
mg/kg, intraperitoneally). DNP was assessed using Von Frey and acetone tests. Selected DNP
rats received insulin (2 IU/kg, subcutaneously) daily. Treatments included LP-211 (3 mg/kg),
gabapentin (10 mg/kg), combination (LP-211 + gabapentin), and donepezil (1mg/kg), which
were administered intraperitoneally. Cognitive performances were evaluated through novel
object recognition, novel location recognition, and fear conditioning tasks. Biomarkers such as
monoamines, brain-derived neurotrophic factor (BDNF), interleukin-1 beta (IL-1p), and nerve
conduction velocity (NCV) were measured.

Results and Discussion: Insulin maintained blood glucose levels, but did not alleviate cognitive
deficits. LP-211, 3 mg/kg, donepezil, 1 mg/kg and LP-211, 3 mg/kg + gabapentin, 10 mg/kg
demonstrated a significant discriminative index between novel and familiar objects, as well as
object locations. Only combination treatment showed significant retrieval of percentage freezing
and regulated biomarkers like NCV, monoamines, BDNF, and IL-1 levels compared to IDNP
vehicle group. Donepezil modulated monoamines and BDNF, especially, LP-211, 3 mg/kg and
donepezil; 1 mg/kg alone did not enhance the freezing response in IDNP rats. Overall,
combination treatment notably showed enhanced associative learning, recognition, and spatial
memory capabilities.

Conclusion: Acute treatment with LP-211 (3 mg/kg) + gabapentin (10 mg/kg) effectively
improved integrated nature of memory in IDNP rats.
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Introduction

About 25-50% of diabetic patients experience diabetic neuropathic pain (DNP) (Shillo et al.
2019; Gwathmey et al. 2019). DNP patients are at higher risk of cognitive deficits (Palomo-
Osuna et al. 2022), demonstrating reduced speed of information processing, memory issues,
focus problems, and decision-making difficulties (Schreiber et al. 2015). These cognitive
deficiencies negatively impact the quality of life for people with DNP.

Diabetes is a condition characterized by increased blood glucose levels due to a lack of
insulin synthesis (American Diabetes Association 2009). Hyperglycemia in diabetic patients
causes neuropathic pain (Schreiber et al. 2015). DNP is characterized by sensations such as
tingling, burning, pins and needles, shooting, aching, jabbing, sharp pain, cramping, cold
allodynia, and mechanical allodynia (Schreiber et al. 2015). According to literature, the most
common model for diabetes development in rats is streptozotocin (STZ) (Tesfaye et al. 2013),
which can also cause neuropathic pain in rodents via various pathways (Nahdi et al. 2017).
Pathways like hyperglycemia, altered calcium signaling, abnormal apoptosis cascade and
neurotrophic factors, mitochondrial dysfunction, insufficient insulin, nervous system
inflammation, and damage to nerve cells, unusual nerve conduction velocities and decrease in
acetylcholine synthesis are linked to cognitive deficits in diabetic rodents and patients
(Groenveld et al. 2018; Qian et al. 2022). Biomarkers such as monoamines, serotonin (5-HT),
and melatonin dysregulation are factors in developing diabetes (Roberts et al. 2023). 5-HT plays
a major role through the prefrontal cortex and hippocampus in modulating higher brain functions
like cognition memory processes (Izquierdo et al. 1999; Gallo et al. 2021; Puig and Gulledge
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2011). Nevertheless, research related to STZ-induced DNP associated with cognitive deficits is
very limited (Groenveld et al. 2018; Huang et al. 2023).

DNP-associated cognitive deficits are mainly due to deregulation of 5-HT levels (Cai et al.
2022; Bellush and Reid 1991). Among 5-HT receptor subtypes, the 5-HT7 receptor is recently
identified and is abundantly present in brain regions like the hippocampus, hypothalamus,
thalamus, cortex, amygdala, and dorsal raphe nucleus (Beaudet et al. 2015). Recently, a selective
brain penetrant agonist of the 5-HT7 receptor, LP-211 (6-(4-Biphenyl-2-yl-piperazin-1-yl)-
hexanoic acid 4-cyano-benzylamide), has demonstrated effectiveness in enhancing cognitive
function in various studies (Perez-Garcia and Meneses 2005; De Filippis et al. 2015; Costa et al.
2018; Solis-Guillén et al. 2021). Despite LP-211’s cognitive-enhancing activity observed in
rodents, it has not been studied in DNP rats. Treating DNP comorbidities in the clinic is a major
challenge; generally, these patients undergo insulin therapy, analgesics for pain, and cognitive
enhancers. Importantly, in clinical trials, monotherapy is less effective than combination therapy
in slowing the rate of cognitive deficits (Cimmings et al. 2024). Similarly, DNP patients suffering
from pain and associated memory deficits may need multiple drug therapies (Tesfaye and
Kempler et al. 2023). Thus, investigating the potential of LP-211 in combination with gabapentin
(GBP) in insulin-treated diabetic neuropathic pain (IDNP) rats to mitigate cognitive deficits
presents a valuable opportunity.

GBP is a first-line treatment for neuropathic pain (Wiffen et al. 2017). However, its use in
the clinic has yielded mixed results. Some studies (Park et al. 2022; Oh et al. 2022) have stated
that GBP is associated with poor cognitive processing. In contrast, other clinical studies reported
that GBP is not associated with cognitive deficits (Martin et al. 1999; Salinsky et al. 2002).
Moreover, adverse effects of GBP are predominantly seen at higher doses. Thus, reducing the
dose of GBP may be advantageous in diminishing these adverse effects, as suggested by
Gonzalez-Sanmiguel et al. (2020).

Further, it is important to reinforce that brain regions like the hippocampus and prefrontal
cortex play crucial roles in pain and memory (Zheng et al. 2017; Ong et al. 2019). In neuropathic
pain conditions, hippocampal neurodegeneration is mainly due to cytokines like Interleukin-
Ibeta (IL-1PB) (Gui et al. 2016). IL-1P plays a major role in exacerbating pain conditions and
significantly influences synaptic plasticity by down-regulating brain-derived neurotrophic factor
(BDNF) and affecting processes in brain cognitive centers (Avital et al. 2003; Takemiya et al.
2017; Tong et al. 2012). Overall, monoamines, IL-1p, and BDNF play significant roles in the
common mechanisms leading to neuropathic pain and cognitive deficits (Gui et al. 2016; Beeri
and Sonnen 2016; Hao et al. 2023). This indicates that cognitive enhancers with modulation of
momoamines, BDNF, and anti-inflammatory activity may be advantageous for treating cognitive
deficits due to neuropathic pain.

The aim of this study is to evaluate the effect of the selective 5-HT7 agonist LP-211, alone
and in combination with GBP, on cognitive deficiencies associated with DNP. Experimental
diabetes was induced through the administration of STZ. Post-injection, blood glucose levels
and body weights were recorded. Neuropathic pain was assessed using Von Frey filaments to
measure mechanical allodynia and the acetone test for cold allodynia. Behavioral tests related to
memory, including the novel object recognition task (NORT), novel location recognition task
(NLRT), and contextual fear conditioning and extinction (CFCE) tasks, were conducted. Further,
nerve conduction velocity was measured using AD Instruments PowerLab, and the rats’ brain
regions like the hippocampus and prefrontal cortex were collected to evaluate monoamines,
BDNF, and pro-inflammatory cytokines.

Materials and Methods

Drugs

LP-211 was procured from MCE chemicals USA. LP-211 was formulated using 1% DMSO +
99% saline. Gabapentin was manufactured in chemistry lab of Suven Life Sciences (India) and
formulation was prepared by using water for injection. Donepezil was obtained from Sigma
Aldrich (India) dissolved in water for injection. Streptozotocin (STZ) was acquired from Sigma
Aldrich (India). STZ solution was prepared using citrate buffer, maintained pH 4.6 and dosed
within ten minutes of preparation. Insulin (Biphasic isophane) obtained from commercially
available in pharmacy, Hyderabad (India).

Animals

Animal studies were conducted in the Animal Research Facility of Suven Life Sciences Ltd.,
Medak (India). Male Wistar rats weighing between 280 and 300 grams were used for
experimentation. Animals were first acclimatized for a period of seven days. Room temperature
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was maintained at 21+ 3°C and between 30 and 70% relative humidity with a 12-hour light/dark
cycle (lights on from 7:00 to 19:00 hours). Rats were housed in social groups of three animals
per cage, ad libitum access to potable water, and pelleted rodent SAFE™ Laboratory diet were
also provided.

Diabetes induction

The process used to induce diabetes was similar to that described in Nirogi et al. (2011). Rats
were given 50 mg/kg, i.p. of STZ, in non-fasting condition. In the second week of following STZ
injection, diabetes was verified by measuring blood glucose levels with a glucometer (Contour
TS, Japan). A blood glucose level of more than 260 mg/dL was deemed diabetic.

Experimental procedure

Rats (N =71) received STZ injections, while rats in normal control group (N = 9) received citrate
buffer. After three weeks of STZ injection, rat’s paw withdrawal thresholds (PWTs) using Von
Frey filaments and paw withdrawal scores (PWS) with acetone were measured. Selected DNP
rats received insulin 2 IU/kg, s.c. every day in the morning session. Following insulin
administration, rat’s body weight, blood glucose, PWTs, and PWS were determined before and
after behavioural tests. DNP rats with cataract were excluded from this study. Selected
neuropathic rats were randomized into five groups based on PWTs and one normal control group
(N=9), with a total of six groups. Three independent memory tests were performed to examine
these rats’ cognitive function via behavioural testing. In the eighth week following STZ
treatment, NORT was carried out. After a washout interval, an NLRT was conducted at week
nine. PWTs and PWS were assessed at week 10 following washout periods. At weekll,
following the conclusion of CFCE experiment, next day nerve conduction velocity was measured
and brain hippocampus and pre-frontal cortex were collected; experiment schedule is shown in
Figure 1 (Fig.1). Test compounds and drug standard (donepezil) were administered 60 and 30
minutes prior to behavioural test trial, respectively. Donepezil 1 mg/ kg (Mahdi et al. 2021; Mei
et al. 2023), LP-211 3 mg/kg (Costa et al. 2018), and GBP 10 mg/kg (Kayser and Christensen
2000) were administered. The doses were selected based on previous works.

Experimental schedule

—_— Weekd,  Week-6, Week-7 , Week-8, Week 9, yeek-10, n":'_'l' » CF L: Nf v,
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Figure 1. Schematic presentation of the experiments and treatments schedule. Note: STZ — streptozotocin; NORT —
novel object recognition task; NLRT — novel location recognition task; CFCE — contextual fear conditioning and
extinction; NCV — nerve conduction velocity.

Evaluation of neuropathic pain
Von- Frey test

Von Frey filaments were used to assess PWTs as described by Nirogi et al. (2012). Three
weeks after STZ administration, PWTs were evaluated. STZ rats were housed in perforated
acrylic chambers (19.5 cm x 9.5 cm x 14 cm, UgoBasil, Italy) on the day of the pain
evaluation. The rats were acclimated to the chamber for fifteen minutes before PWTs were
evaluated. The hind paw was exposed to each Von Frey filament for six seconds. The rats
which showed PWTs < 4 grams were considered neuropathic.

Acetone test

Procedure for conducting the acetone test was followed as described by Yoon et al. (1994). Three
weeks following an injection of STZ, the PWS of rats was assessed. Fifty microliters of acetone
was sprayed directly over the lateral plantar surface of a hind paw using a syringe fitted with a
blunt needle. The quick foot withdrawal response was considered a positive response following

Research Results in Pharmacology 11(4): 113—130. https://doi.org/10.18413/rrpharmacology.11.579


https://doi.org/10.18413/rrpharmacology.11.579
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Insulin
https://pubchem.ncbi.nlm.nih.gov/compound/Insulin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Donepezil
https://pubchem.ncbi.nlm.nih.gov/compound/Donepezil
https://pubchem.ncbi.nlm.nih.gov/compound/Gabapentin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin
https://pubchem.ncbi.nlm.nih.gov/compound/Streptozocin

117 Goura Vet al.: Effect of a brain penetrant 5-HT7 receptor agonist LP-211 alone and in combination ...

the application of acetone. The following 4-point rating system was used to evaluate the PWS.
A score of 0 denotes no response, a score of 1 denotes a single, rapid paw flick or withdrawal, a
score of 2 denotes multiple (>2) paw flicks or withdrawals, and a score of 3 denotes multiple
paw flicks and licking. Each animal had three trials and the average of the outcomes a mean
withdrawal score. DNP rats with score more than 1 were considered as neuropathic.

Novel Object recognition task

For two days, NORT was conducted. Rats were habituated to 50 x 50 x 45 cm box arenas for 20
minutes on the first day of trial. On second day, rats were given three minutes to investigate two
yellow gravel-filled bottles (al and a2) that were kept in the arena. Trial 2: animals were given
three minutes to explore both the new (bl) and familiar items (a3) in the arena, with a 4 hour
inter trial interval (ITI). Test compound treatments and donepezil were administered at 60 and
30 min prior to each trial, respectively. Both the objects and the arena were cleaned with 70%
ethanol after each animal to avoid any odor cues for next animal.

Discriminative index (DI) was calculated by dividing the difference in time spent on each
object by total exploration time at 4 hour ITI ([time spent exploring the novel object (b1) — time
spent exploring the familiar object(a3)] / total exploration time).

Novel Location Recognition task

NLRT was conducted for 2 days. Habituation, acquisition, and retention sessions
comprised the NLRT. On the first day, animals were acclimated to each 50 x 50 x 45 cm
chamber for 20 minutes. To assist the animals in finding and figuring out their paths,
visual signals were positioned on the chamber walls during the NLRT. Each animal was
exposed to similar objects placed at the two corners of one side (al and a2) during the
acquisition session (Trial 1). The novel object’s (b1) and familiar object (a3) location was
in diagonal corners of the chamber, during retention session (Trial 2). There was a 4 hour
ITI between trial 1 and 2. In each trial exploration time was 180 seconds. The recorded
parameter was the amount of time animals spent investigating each object. Treatments
like test compounds and donepezil were administered within 60 and 30 min prior to each
trial. Experimenter was blinded towards treatment. Recognition memory was
characterized by DI of the novel relocated vs. unmoved familiar object and was calculated
as DI at 4 hour ITI= (time spent exploring relocated object (bl) time spent exploring
unmoved object (a3)) / total exploration time.

Contextual Fear Conditioning and extinction

Procedure for CFCE was followed as described by D’Amico et al. (2019). On day 1, rats
were brought to the laboratory at least 1 hr prior to experimentation. Rats were
acclimatized to fear conditioning chamber (L x W x H, rat: 26 x 30 x 33 cm, Coulbourn
instruments, USA) for 2 min. After acclimatization rats received unavoidable foot shock
(unconditioned stimulus (US): electric shock of 0.7 mA for 3 seconds). Following a 79
sec interval between each administration, shock was repeated to deliver a total of eight
US. One minute after the last US (total duration of trial is for 733 sec), each animal was
transferred to home cage. Chambers were cleaned with 70% ethanol between tests. After
the US, with an ITI of 4 hours, rats were subjected to same context without US for fear
memory retrieval / extinction acquisition. Freezing behaviour of animal was recorded for
733 sec (starting from the time animal is placed in the fear conditioning chamber). Test
treatments and donepezil were administered within 60 and 30 min prior to conditioning
and fear memory retrieval task, respectively on day 1.

For extinction retrieval, after 24 and 48 hours of US, rats were brought to the laboratory at
least 1 hr prior to experimentation. Freezing behaviour of animal was recorded for 733 sec. Test
treatments and donepezil were administered within 60 and 30 min prior to each trial respectively,
on days 2 and 3. After 733 sec of behavioural recording, animal was transferred to the home
cage. Duration of freezing was recorded (no movement for about 3 seconds or more was scored
as a freezing behaviour). Freezing threshold was set at 10 in the motion index for analysis.
Chambers were cleaned with 70% ethanol between tests. Experiments were recorded using video
camera, mounted on the cabinet ceiling and images were analyzed with freeze frame 3 software
(V3.2.1).

Electrophysiological nerve conduction velocity recordings

In continuation of CFCE experiment for three days, on day 4 treatments were administered to
record motor nerve conduction velocity (MNCV) and sensory nerve conduction velocity
(SNCV) in control and IDNP rats. Methods for measuring MNCV and SNCV were adopted from
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previously published experimental protocols (Fontanesi et al. 2019) [see online supplementary
material 2].

Brain homogenate preparation

Immediately, post electrophysiological nerve conduction velocity recordings of each rat, blood
glucose estimation and brain sample collection were performed. Animals were euthanized using
CO; asphyxiation. Brain was carefully excised; brain regions like hippocampus and prefrontal
cortex were isolated. After being moved to labeled micro centrifuge tubes, brain tissues were
snap frozen in liquid nitrogen and kept below -80 °C for analysis.

Monoamaines quantification in right hippocampus

Right hippocampus samples were homogenized using an ultrasonic dismembrator probe in four
times the volume of ice-cold 0.2 M perchloricacid with L-cysteine, vortexed and centrifuged for
10 min at 10,000 x g. Supernatant was transferred to High-Performance Liquid Chromatography
(HPLC) vials for monomines (5-HT, NE, and DA) quantification using a C18 column (Hypersil
BDS, 4.6 x 250 mm, 5 um, Thermo Scientific, MA, USA) at 40 °C. For detecting monoamine
levels, an electrochemical detector (BASi Epsilon ECD, IN, USA) was used. Monoamines were
expressed in nmoL per gram of right hippocampal tissue.

IL-1B quantification in left hippocampus

Left hippocampal tissues were homogenized in four times the volume of tris buffer containing a
complete mini protease inhibitor cocktail (Merck Millipore, MA, USA) in order to measure the
levels of IL-1B. To get rid of residue, homogenate was centrifuged twice at 15,000 g for 15
minutes at 4° C after being lysed for 30 minutes at room temperature with light stirring. Using
commercially available ELISA kits (Rat IL-1B/IL-1F2 Immunoassay Quantikine ELISA Kit;
R&D Systems, MN, USA; Product code: RLB0O; Calibration Range: 31.3pg/mL-2000 pg/mL),
supernatants were subjected to the quantification of IL-1f3 levels. Concentrations of IL-1[3 were
corrected for dilution and were expressed as pg/g.

BDNF quantification in prefrontal cortex

Prefrontal cortex tissues were homogenized using an ultrasonic dismembrator probe in
phosphate buffer solution, an equal volume of Lysis Buffer was added, and tissues were
lysed at room temperature for 30 minutes with light agitation. To get rid of debris,
homogenate was centrifuged twice at 70,000 g for 20 minutes at 4° C. Using commercially
available ELISA kits (Total BDNF Immunoassay Quantikine ELISA Kit; R&D Systems,
MN, USA; Product code: PDBNTO00; Calibration Range: 15.6 pg/mL - 1000 pg/mL),
supernatants were subjected to the quantification of total BDNF levels. Concentrations of
IL-1P were corrected for dilution and were expressed as pg/g.

Histopathological investigations

Immediately after nerve conduction studies, rats were sacrificed using CO, asphyxiation.
Sciatic nerve was dissected and kept in 10% of formalin; after two days, samples were
processed and embedded in paraffin. Then slices were prepared — stained with Luxol Fast
Blue Stain. Histological changes were examined using light microscopy.

Statistical analysis

Data are represented as Mean = S.E.M. Related figure legends provide specifics on the
actual sample sizes for each experiment. Two-way ANOVA and Bonferronis multiple
comparison tests were used to evaluate PWTs, PWS and comparison between GBP groups
and the LP-211 + GBP percentage of freezing. Two-way ANOVA and Dunnett’s multiple
comparison tests were used to compare the freezing reaction between treatment groups
and the control group. One-way ANOVA and Dunnett’s multiple comparison tests were
used to assess discrimination index, nerve conduction velocity and the levels of
inflammatory markers. A significant p-value was defined as less than 0.05. Graph Pad
Prism 7.02 was used to perform statistical analyses.

Results

Influence of Insulin treatment on PWTs and PWS of DNP rats

Following five-week after STZ administration, the DNP rats administered insulin at a
dosage of 2 IU/kg, s.c. However, the insulin treatment did not result in any improvement
in PWTs and PWS of the DNP rats (Fig. 2 a, b). A two-way ANOVA along with
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Bonferroni’s multiple comparison test revealed that the PWTs were significantly lower in
the DNP rats compared to the control group at all assessed time points from week 3 to
week 10, with treatment F (1, 208) = 1730, p<0.0001, time F (3, 208) = 0.886, p=0.4492,
and interaction F (3, 208) = 1.845, p=0.1402. Additionally, the two-way ANOVA followed
by Bonferroni’s multiple comparison test demonstrated that the PWS in the insulin-treated
DNP rats were consistently higher than those in the control vehicle group, with treatment
F (1, 208) = 209, p<0.0001, time F (3, 208) = 8.751, p<0.0001, and interaction F (3, 208)
= 10.95, p<0.0001. This study revealed that PWTs significantly decreased after three
weeks of STZ administration, while PWS showed significant alterations after four weeks
of STZ administration when compared to the control vehicle group.
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Figure 2. Effect of insulin on DNP rats. Note: (a) Mechanical allodynia, PWTs are represented as Mean + S.E.M, (n=9-45). (b)
Cold allodynia, PWS are represented as Mean + S.E.M, (n=9-45), ++++p<0.0001, vs. Control rats, two-way ANOVA followed
by Bonferroni’s multiple comparison test; STZ — streptozotocin; DNP — diabetic neuropathic pain.

LP-211, GBP in combination treatment enhanced recognition memory in IDNP rats

The observations from Dunnett’s post hoc test indicate that the discrimination index of IDNP
vehicle group significantly decreased when compared to the control group (p<0.01). At 4 hour
ITI, both combination therapy (LP-211 + GBP) and LP-211 showed a substantial increase in
discrimination index when compared to the DNP vehicle treated group (Dunnett’s comparison
test, p<0.01). Additionally, a significant difference (p<<0.05) in the discrimination index was
observed between IDNP vehicle treated group and the positive donepezil, LP-211 alone group,
respectively (Fig. 3). Overall, one-way ANOVA revealed that the treatments significantly
enhanced object recognition in NORT 4 hour ITI [F (5, 35) = 4.537, p = 0.0027].
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Figure 3. Effect of treatments on recognition of novel and familiar objects. Nofe: Discrimination index was
represented as Mean + S.E.M, (n=6-8), ++p<0.01, vs. Control rats; *p<0.05, **p<0.01 vs. IDNP vehicle rats, one-way
ANOVA followed by Dunnett's multiple comparison test; IDNP — insulin-treated diabetic neuropathic pain; GBP —
gabapentin.

LP-211, GBP in combination treatment enhanced spatial memory in IDNP rats

One-way ANOVA, followed by Dunnett’s multiple comparison test, revealed a significant
difference between the treatment, DNP vehicle, and control groups in the novel location
recognition task at 4 hour ITI [F (5, 36) = 8.714, p<0.0001). When compared to the control
group, the IDNP vehicle rats' discrimination index significantly decreased (Dunnett’s post hoc
test, p<0.0001). Additionally, the rats treated with LP-211 alone (p<0.01), combination treatment
LP-211 and GBP (p<0.001), and donepezil (p<0.01) revealed a substantially ability to identify
and investigate the novel object location compared to IDNP vehicle group, according to the
results of Dunnett’s multiple comparison test (Fig. 4).
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Figure 4. Effect of treatments on recognition of location of novel and familiar objects. Nofe: Discrimination index was
represented as Mean + S.E.M, (n=6-8), ++++p<0.0001, vs. Control rats; **p<0.01,***p<0.001 vs. IDNP vehicle rats,
one-way ANOVA followed byDunnett's multiple comparison test; IDNP — insulin-treated diabetic neuropathic pain;
GBP — gabapentin.

Research Results in Pharmacology 11(4): 113—130. https://doi.org/10.18413/rrpharmacology.11.579


https://doi.org/10.18413/rrpharmacology.11.579
https://pubchem.ncbi.nlm.nih.gov/compound/Gabapentin
https://pubchem.ncbi.nlm.nih.gov/compound/Gabapentin
https://pubchem.ncbi.nlm.nih.gov/compound/Gabapentin
https://pubchem.ncbi.nlm.nih.gov/compound/Donepezil
https://pubchem.ncbi.nlm.nih.gov/compound/Gabapentin

121 Goura Vet al.: Effect of a brain penetrant 5-HT7 receptor agonist LP-211 alone and in combination ...

LP-211, GBP in combination treatment enhanced emotional learning and memory in
IDNP rats

At 4 and 24 hour ITL, no distinct difference in freezing behavior was observed between the
groups (i.e. IDNP vehicle, control vehicle, test compounds treatments and donepezil treated
group). Dunnett’s multiple comparison revealed significant difference in freezing between the
GBP alone group and the IDNP vehicle group (p<0.0001 at 4 hours and p<0.001 at 24 hours
ITI). When compared to the control vehicle group, the IDNP vehicle treatment group had a
significantly lower freezing behavior at 48 hours ITI (Dunnett's post hoc test, p<0.01).
Additionally, compared to the IDNP vehicle treated group, the combination treatment (LP-211
+ GBP) demonstrated substantial freezing behavior at 48 hours ITI memory retrieval (Dunnett’s
post hoc analysis, p<0.0001). LP-211 alone and donepezil did not demonstrate significant
freezing behavior at 48 hours ITI when compared to that in IDNP vehicle treated group.
Altogether, two-way ANOVA followed by Dunnett’s multiple comparison test, determine
significant difference in freezing response in extinction memory phase across groups [treatment,
F (5, 48) = 13.38, P<0.0001, time, F (2, 96) = 93.13, p<0.0001, interaction F (10, 96) = 8.238,
p<0.0001) (Fig. 5). Similarly, when LP-211 + GBP compared with alone GBP group freezing
response at all the tested time points, the freezing response of the combination treatment is
significantly higher (Bonferroni’s multiple comparison test, p<0.0001). Two-way ANOVA
followed by Bonferroni’s multiple comparison test freezing response between LP-211 + GBP
and GBP alone represents groups [treatment, F (1, 16) =51.1, P<0.0001, time, F (2, 32) =2.064,
p=0.1435, interaction F (2, 32) = 1.623, p=0.2132).
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=@ DNP vehicle, 10 mL/kg, i.p.+ Insulin 2 TU/kg, s.c.

=+ GBP, 10 mg/kg, i.p. + Insulin 2 [U/kg, s.c.

=% LP-211, 3 mg/kg, i.p.+ Insulin 2 [U/kg, s.c.
1001 == LP-211, 3 mg/kg, i.p.+ GBP, 10 mg/kg, i.p. + Insulin 2 IU/kg, s.c.
=0~ Donepezil, | mg/kg, ip.+ Insulin 2 [U/kg, s.c.
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Figure 5. Effect of treatments on freezing response. Note: Percentage of freeze was represented as Mean + S.E.M,
(n=9), ++p<0.01 vs. Control rats; ###p<0.001, ####p<0.0001 vs. IDNP vehicle rats (decrease in freezing response),
**%%p<0.0001 vs. IDNP vehicle (increase in response), two-way ANOVA followed by Dunnett’s multiple comparison
test. ~p<0.0001 vs. GBP (increase in response of LP-211 + GBP) two-way ANOVA followed by Bonferroni’s
multiple comparison test; DNP — diabetic neuropathic pain; GBP — gabapentin.

LP-211, GBP in combination reversed the decrease in nerve conduction velocity in IDNP
rats

After five weeks of insulin treatment, the IDNP vehicle rats showed 16.14 = 1.31 m/s compared
with that of the control vehicle group 48.67 + 2.33 m/s which was significantly slower
(p<0.0001) (Fig. 6 a). Dunnett’s post hoc test showed significant increase in MNCV rats treated
with LP-211 3 mg/kg + GBP 10 mg/kg (p<0.0001) and GBP 10 mg/kg (p<0.05) compared to the
IDNP vehicle treated rats. One-way ANOVA showed significant treatment effects [F (5, 48) =
45.34, p<0.0001) compared to the IDNP vehicle group. Similarly, one-way ANOVA, followed
by Dunnett’s multiple comparison test, revealed a significant difference between the treatment,
DNP vehicle, and control groups [F (5, 48) = 81.6, p<0.0001) of sciatic SNCV of rats. The
Dunnett’s post hoc test showed significant decrease in SNCV in IDNP vehicle rats compared
with control rats 62.00 + 3.06 m/s vs. 19.04 = 0.95 m/s (p<0.0001) (Fig. 6 b). The SNCV in the
of the rats treated with LP-211 3 mg/kg + GBP 10 mg/kg significantly improved conduction
velocity (p<0.0001) compared to the IDNP rats.
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Figure 6. Effect of treatments on nerve conduction velocity. Note: (a) MNCV and (b) SNCV was represented as Mean
+ S.E.M, (n=9), (a) MNCV, ++++p<0.0001 vs. Control rats; *p<0.05, ****p<0.0001, vs. IDNP vehicle rats. (b) SNCV
++++p<0.0001 vs. Control rats; ****p<0.0001, vs. IDNP vehicle rats one-way ANOVA followed by Dunnett’s multiple
comparison test; IDNP — insulin-treated diabetic neuropathic pain; GBP — gabapentin; MNCV — motor nerve conduction
velocity; SNCV — sensory nerve conduction velocity.

LP-211, GBP in combination modulated the change in monoamines, IL-13, BDNF in
brain regions of IDNP rats

The results of monoamines, IL-13, BDNF were expressed in percentage change comparing with
mean of control vehicle group (Table 1). Statistically significant decrease in monoamines (5-HT,
NE and DA) and BDNF was observed in the right hippocampus, and pre-frontal cortex of the
IDNP vehicle treated group when compared to the control vehicle group using HPLC and ELISA
methods, respectively. The decreased levels of 5-HT, NE and BDNF were significantly reversed
by the LP-211 in combination with the GBP group (Dunnett’s post hoc test p<0.0001, P<0.01
respectively). Similarly, Donepezil showed significant increase in 5-HT levels (Dunnett’s post
hoc test, P<0.01). Further, proinflammatory cytokines like IL-1P levels were predominantly
increased in IDNP vehicle left hippocampus compared to control vehicle rats using ELISA
(Dunnett’s post hoc test, P<0.0001). From Dunnett’s post hoc test determined, increased IL-1
levels were significantly decreased in LP-211 3mg/kg combination with GBP, 10mg/kg, vs.
IDNP vehicle (P<0.0001). Overall, one-way ANOVA followed by Dunnett’s multiple
comparison test determined significant treatment effect between the groups, (5-HT, F (5, 48) =
8.291, P<0.0001), (NE, F (5, 48) = 4.378, P=0.0023), (BDNF, F (5, 48) = 3.202, P=0.0142) and
(IL-1B, F (5, 46) = 14.46, P<0.0001), respectively.
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Table 1. Represent change in percentage of monoamines, IL-1f levels from hippocampus and percentage BDNF levels
from prefrontal cortex compared to control vehicle group.

Treatment %S5-HT %NE %DA %IL-1p %BDNF
Control vehicle 100 +10.0 100 +5.5 100 +5.2 100+2.4 100 + 5.7

DNP vehicle 583+10.1" 59.4+9.0" 66.4+ 55" 146.7+6 64.4+4.3"%
GBP, 10mg/kg 71.5+£6.8 61.1+£13.5 642+75 126 +5.01" 88.3£7.9
LP-211, 3mg/kg 91.5+£9.6 81.5+11.1 81.9+8.0 129.4+5.5 89.4+15.3
LP-211,3mg/kg 131 +8.2™" 108 +7.3" 92+4.1 103.1+2.6™" 114.8£9.1"

+GBP, 10mg/kg
Donepezil, Img/kg 101 £7.6™ 90.8+9.5 90.7+9.9 130.4 +5.72 95.6+9.2

Note: Results are shown as mean + S.E.M (n=7-9), +p<0.05, ++p<0.01, ++++p<0.0001 vs. control vehicle, *p<0.05,
**p<0.01, ****p<0.0001 vs. IDNP vehicle, one-way ANOVA followed by Dunnett’s multiple comparisons test; DNP —
insulin-treated diabetic neuropathic pain; GBP — gabapentin.

Effect of LP-211, GBP in combination on sciatic nerve morphological changes in IDNP
rats

Light microscopy of sciatic sections showed no changes in myelin sheath of control vehicle
group (Fig.7). Myelin sheath splitting was observed in IDNP vehicle group. Combination of
LP-211 + GBP acute (4 days) dosing showed a trend towards recovery of myelin sheath.
Further, chronic dosing may show prominent improvement in complete recovery of myelin
sheath.

a) Control vehicle, b) IDNP vehicle, ¢) GBP, d) LP-211, ¢) LP-211+ GBP, f) Donepezil

Figure 7. Histological changes observed in sciatic nerve of (a) Control rats showed normal myelinated nerve fibers and
morphology. (b) Diabetic rats showed breakdown and demyelination of sciatic nerve (arrow). (e) LP-211, 3 mg/kg, i.p.+
GBP, 10 mg/kg, i.p. treated rats showed recovery of demyelinated nerve fibers. Note: IDNP — insulin-treated diabetic
neuropathic pain; GBP — gabapentin.

Discussion

This study was mainly designed to evaluate, for the first time, the effects of LP-211 alone and in
combination with GBP in STZ-induced DNP animals. Further, central mechanistic approach was
tried to obtain through evaluating biomarkers like IL-1B, monoamines, BDNF, from brain
regions and peripherally studied NCV and histopathology of sciatic nerve.

We demonstrated that STZ-induced diabetic rats exhibited sensory components such as a
decrease in PWTs when tested with Von Frey filaments and an increase in PWS when exposed
to the acetone drop test, which are associated with neuropathic pain symptoms. These sensory
symptoms may be due to hyperglycemic conditions, decreased nerve conduction velocity, and
increased pro-inflammatory cytokines IL-1p in diabetic rats. These observations are in line with
existing literature (Gui et al. 2016; Novello and Pobre 2024). A decrease in PWTs was detected
following three weeks of STZ treatment. Conversely, an increase in PWS to the acetone test was
observed after four weeks of STZ injection, indicating that the onset of symptoms such as
mechanical and cold allodynia does not occur concurrently in diabetic rats (Jesus et al. 2021).
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Further, these results align with clinical observations that diabetic patients may experience
sensory symptoms at various phases of neuropathy (Tesfaye et al. 2010).

As per literature evidence, STZ-induced hyperglycemic conditions were well controlled by
insulin treatment (Upadhyay et al. 2021). Similarly, in this study, insulin treatment controlled
hyperglycemic conditions and decreased body weight in DNP rats [see online supplementary
material 1]. In contrast, sensory components like mechanical allodynia, cold allodynia were not
alleviated by insulin up on chronic treatment in IDNP rats. Supporting this, studies have reported
that although insulin controls increased blood glucose conditions, it may not be effective in
treating DNP and its comorbidities (Ebata-Kogure et al. 2017). These results highlight the need
to identify and treat DNP and its comorbidities, not just control the disease but also prevent
complications associated with diabetes.

The effect of diabetes on the peripheral nervous system has been studied more than on the
central nervous system, but it is apparent that people with and without DNP are at risk of
cognitive decline (Ansari et al. 2023). Similarly, people suffering from DNP, even after treatment
with insulin and analgesics, show cognitive decline (Palomo-Osuna et al. 2022). Preclinical
studies have described memory retention deficits in rodents with STZ-induced diabetes
(Moriarty et al. 2016; Baluchnejadmojarad et al. 2017). In the current study, we demonstrated
that IDNP rats showed retention deficits in three different memory tasks like CFCE, NORT, and
NLRT. Overall, diabetic rats with neuropathic pain demonstrated the integrated nature of
memory loss.

It is important to deepen studies in search of effective treatments that can cure or delay the
emergence of these deficits in memory and the learning process. It has been demonstrated that
the 5-HT7 agonist LP-211 improves spatial and recognition memory (De Filippis et al. 2015;
Beaudet et al. 2017; Carbone et al. 2018; Villegas et al. 2019). However, the animals used in
these studies did not have diabetes or neuropathic pain; they were non diabetic and free of
neuropathic conditions. Incontrast, the current study focused on DNP rats and found that LP-211
alone at 3 mg/kg and donepezil showed an improvement in declarative memory through an
increased ability to recall both familiar and unfamiliar objects in the NORT study. Additionally,
both treatments improved spatial memory by promoting the impulse to explore objects in the
NLRT task at 4 hour ITL. Donepezil is approved for treating cognitive deficits in Alzheimer’s
patients and has never before been studied in neuropathic pain-induced cognitive deficits. The
advantage of using donepezil in this study is that it demonstrated significant analgesic and
neuroprotective-like activity in both diabetic and non-diabetic pain conditions (Atef et al. 2019;
Kim et al. 2017). In clinics, DNP patients try to manage disease conditions and comorbidities
using frequent treatments like insulin therapy, analgesics, and cognitive enhancers (Naranjo et
al. 2020). The most predominantly used analgesic to maintain neuropathic pain conditions in the
clinic is GBP. Importantly, neuropathic pain patients treated with GBP showed a high prevalence
of cognitive impairment (Povedano et al. 2007). The observed cognitive impairment may not be
related to the treatment, as the doses of GBP are flexible. Thus, we can hypothesize that the
observed results demonstrated GBP alone in IDNP rats did not show statistically significant
improvement in the discriminative index in learning memory tasks; at the same time, GBP alone
did not worsen cognitive impairment in IDNP rats. Exploration time towards the novel object
and novel location is more than the familiar object and familiar location, respectively, in both
NORT and NLRT studies. All these beneficial effects of LP-211 and GBP alone were also
observed in the combination therapy of LP-211 and GBP. Convincingly, combination treatment
showed potential efficacy in both the tasks.

Despite the beneficial effects observed in the NORT and NLRT studies, our findings did not
show persistent effects in the CFCE task. When IDNP animals were tested in the CFCE task,
vehicle-treated IDNP rats exhibited freezing behavior similar to that of the control vehicle group
during the contextual fear conditioning task, specifically at an inter-trial interval of four hours
during the acquisition phase. This response may be attributed to the affective components,
particularly anxiety, associated with neuropathic pain. Anxiety is frequently observed as
comorbidity in cases of neuropathic pain (Zhu et al. 2024). The observed anxiety during the
CFCE task may be due to the shock (unconditional stimulus), which serves as a sudden painful
stimulus, possibly leading to the formation of an associative memory characterized by emotional
arousal (Coray and Qeudnow 2022). Similarly, both the test compound and donepezil groups
demonstrated freezing behavior comparable to that of the control group. Particularly, the IDNP
group treated with GBP exhibited a significant reduction in freezing response, probably due to
the anxiolytic effects of GBP (Hong et al. 2022). It is worth mentioning the over-consolidation
of fear memory in neuropathic pain in STZ-treated animals (Gaspar et al. 2022; Chaves et al.
2024). In this study, rats were subjected to repeated exposure to the same context at 24 and 48
hours. Freezing behavior of the IDNP vehicle group was significantly reduced in comparison to
that in the control group after 48 hours of repeated context exposure. This reduction may be
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linked to decreased anxiety levels following repeated exposure (Leer et al. 2018). Additionally,
a decrease in freezing behavior was noted across all groups, which may be attributed to the fact
that fear extinction memory is more susceptible to disremembering and tends to lose its influence
over behavior more rapidly than the original fear memory (Liu et al. 2024). Rats treated with
LP-211 alone and donepezil also showed a reduction in freezing behavior after repeated testing
in the same contextual chambers up to 48 hours. The combination of LP-211 and GBP showed
significant increase in freezing behavior at the 48 hour time point. Thus, the increase in freezing
behavior in combination treatment may be attributed to LP-211 and GBP properties in
modulating pain (Santello et al. 2017; Chincholkar 2018). In addition, when compared between
GBP alone and combination of LP-211 + GBP freezing response, combination treatment showed
a significant increase in freezing percentage at 4, 24 and 48 hour time points. Overall, findings
from the CFCE task specify that the combination of LP-211 and GBP develops both short term
and long-term memory in the context of fear extinction.

Possible peripheral mechanism of LP-211 and GBP combination in IDNP rats from
electrophysiological observations confirmed that the decrease in nerve conduction velocity
observed in IDNP vehicle-treated rats indicates a painful neuropathic pain condition, which
aligns with current literature (Novello and Pobre 2024). Similarly, in the clinic,
electrophysiological aberrations in nerve conduction are a common sign for both
neuropathic pain and cognitive abnormalities (Qian et al. 2022; Hyllienmark et al. 2013).
The decrease in MNCV and SNCV in IDNP vehicle-treated rats was significantly improved
by LP-211 and GBP combination treatment. Furthermore, histopathological evidence
showed that myelin sheath splitting in IDNP sciatic nerve. There was a trend in recovery of
demyelinated sciatic nerve observed in combination treatment group. Thus, the observed
effects suggest that the LP-211 and GBP combination may improve both neuropathic pain
and cognitive deficiencies.

In addition, IDNP rats showed an increase in IL-1p and a decrease in monoamines in the
brain region like hippocampus, and a decrease in BDNF in prefrontal cortex. In neuropathic
pain condition, an increase in IL-1f levels in the cognitive brain centers causes cognitive
deficit (Gui et al. 2016). Thus, we speculate that an increase in IL-1 in the hippocampus will
decrease monoamines and BDNF in the cognitive brain centers, resulting in cognitive deficits
in neuropathic pain. As per literature evidence, monoamines and BDNF play a critical role in
the modulation of cognitive functions (Lu et al. 2014; Miranda et al. 2019). However, the
exact underlying mechanism needs further examination. Further to this, the onset of
development of neuropathic pain in STZ treated rats observed after 2-3 weeks of STZ
administration (Alba-Delgado et al. 2016). This indicates that there is an increase in pain
component like inflammatory mediators. Comorbidities develop after a prolonged condition
of sustained diabetic neuropathic pain (Alba-Delgado et al. 2016). This further supports that
an increase in inflammatory mediators may also result in development of comorbidities in
DNP rats. LP-211 in combination with GBP treatment significantly modulated the altered IL-
1B, monoamines and BDNF in the cognitive centers. Further to this, the standard drug
donepezil managed change in monoamines and BDNF in IDNP rats equal to the control levels
(Hussein et al. 2020; Jian et al. 2020). The observed efficacy of LP-211 alone and donepezil
may be due to modulation of monoamines and BDNF in learning memory task. Similarly,
combination treatment enhanced memory retrieval in learning and extinction emotional
memory task may be attributed to a decrease in inflammatory mediators and increased levels
of 5-HT, NE, BDNF in IDNP rats.

Limitations of this study include testing the effects of LP-211 and GBP in only male rats at
acute dosing. Further, we plan to investigate the effects of LP-211 and GBP in female rats at
chronic dosing, considering that in the clinic, women diabetic patients are in higher proportion
than male diabetic patients.

Conclusion

The results of this study demonstrated that acute treatment (2 days) of LP-211, (3mg/kg),
donepezil, (Img/kg), and the combination LP-211, (3mg/kg) with GBP, (10 mg/kg) showed
improvements in incidental learning memory tasks. Especially, the LP-211 and GBP
combination significantly enhanced the integrated nature of memory functions by improving
three distinct types of memory. Furthermore, a 4-day acute treatment with LP-211 and GBP
combination significantly modulated cognitive biomarkers at both centrally in brain regions such
as monoamines, BDNF, IL-1f and at peripherally in sciatic nerve, as demonstrated by enhanced
NCV. These findings suggest that this combination treatment may help to alleviate comorbid
cognitive deficits associated with DNP. Overall, the study findings warrant further investigation
in different species.
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