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Abstract

Background: fourth generation antipsychotics have been implicated in the blockade of calcium
signalling through inhibition of dopamine receptive sites on dopaminergic D, Receptor (DzR). As a
result of the abnormal calcium signalling associated with D;R inhibition, changes occur in the mo-
tor and memory neural axis leading to the observed behavioural deficits after prolonged haloper-
idol. Thus, Vitamin D3 receptor (VD3R), a calcium controlling receptor in the striatum can be tar-
geted to relief the neurological symptoms associated with haloperidol (-D:R) induced PD. Aim:
This study sets to investigate the role of VD3R activation in vitro and in vivo after haloperidol-
induced Dopaminergic (D:R) blockade. In addition, we examined the associated neural activity
and behavioural changes in parkinsonian and VDRA intervention mice. Methods: Dopaminergic
D2R inhibition was investigated in vitro using Melanocytes isolated from the scale of a Tilapia. In
four separate set ups, the cells were cultured in calcium free Ringer’s solution as follows; 300 uM
haloperidol, 100 pM VD3, 100 mM calcium chloride and a combination of 300 pM haloperidol
and 100 puM VDs. Subsequently, dopaminergic vesicle accumulation and calcium signalling were
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observed in bright field microscopy using blue and green fluorescence probes. In the second phase,
PD was induced in adult BALB/c mice (-D2; n = 8) after 14 days of intraperitoneal haloperidol
treatment (10 mg/Kg). A set of n = 4 mice were untreated (-D:) while the other group (n = 4) re-
ceived 100 mg/Kg of VD3 for 7 days (-D2/+VDR). The control groups (n = 4 each) were treated with
normal saline (NS) and VD3 (+VDR) for 14 days. At the end of the treatment phase, the animals
were assessed in Rotarod, parallel bar-, cylinder-, Y-Maze-, one trial place recognition- and novel
object recognition-(NOR) tests. Neural activity was measured using chronic electrode implants
placed in the M1 (motor cortex), CPu (striatum), CA1 (hippocampus) and PFC (prefrontal cortex).
Neural activity was compared with the outcomes of behavioural tests for memory and motor func-
tions and data was expressed as mean * SEM (analysed using ANOVA with Tukey post-hoc test,
significant level was set at 0.05). Results/Discussion: in vitro outcomes show that VDR increase
calcium signalling and reverses the effect of haloperidol; specifically by reducing dopaminergic
vesicle accumulation in the cell body. Similarly, in vivo neural recordings suggest an increase in
calcium hyperpolarization currents in the CPu and PFC of intervention mice (-D:/+VDR) when
compared with the parkinsonian mice (-D:). These animals (-D;/+VDR) also recorded an im-
provement in spatial working memory and motor function versus the Parkinsonian mice (-D3).
These outcomes suggest the role of CPu-PFC corticostriatal outputs in the motor-cognitive decline
seen in parkinsonian mice. Similarly, VDRA reduced the neural deficits through restoration of cal-
cium currents (burst activities) in the intervention mice (-D;/+VDR). Conclusion: VDRA treatment
reduced the motor-cognitive defects observed in haloperidol induced PD. Our findings suggest the
role of VDRA in restoration of calcium currents associated with PFC and CPu corticostriatal out-
puts seen as burst frequencies in in vivo neural recording.
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1. Introduction

Fourth generation antipsychotics are often characterized by their ability to centrally block dopaminergic D, re-
ceptors in the striatum (CPu), thus inhibiting the excitatory motor neural pathway (Motor cortex: M1, basal gan-
glia and substantianigra) which leads to rigidity and akinesia in limbs [1]-[3]. After prolonged use of dopa-
minergic D, blockers in the treatment of depression or schizophrenia, movement disorders and tardive dyskine-
sia have been reported in humans [4] [5]. As a result of effect of antipsychotics on Dopaminergic D, transmis-
sion, they are capable of generating extrapyramidal symptoms-jerky movements of the eyes, oral regions and
limbs [6]-[8]. Although dopamine depletion and loss of dopaminergic neurons have been described as the main
cause of Parkinson disease (PD), recent studies have shown that D, receptor sensitivity can also induce PD in
the presence of normal striatal dopamine concentration [9] [10].

Haloperidol, a typical antipsychotic medication and Dopaminergic D, receptor blocker, has been known to
induce toxicity in the motor neural system. Furthermore, its major mechanism of toxic induction has been iden-
tified to involve weak binding of haloperidol to the dopamine receptive site on D, receptor domain; this often
results to receptor sensitivity after a prolonged duration [11] [12]. This in effect prevents the heteromeric com-
bination of dopaminergic D, with D; receptors; required for calcium signalling in dopaminergic neurotransmis-
sion [11] [13]. Furthermore, D,-D; calcium signalling has been shown to be involved in the activation of BDNF,
vesicle clearance (autophagy) and CamKII o activation: all of which are required for synaptic plasticity and
motor neural function [14].

Vitamin D; Receptor (VD3R), a candidate calcium controlling receptor, is relatively abundant in the brain;
thus giving an advantage of selective targeting of pigmented dopaminergic neurons in mammalian models of
degenerative diseases [15] [16]. Similarly, VD3;RA (VDs;R-Agonist), a steroid, has been reported to be involved
in the activation calcium for BDNF signalling required for neuronal survival under various pathological condi-
tions [17] [18]. Other studies have reported the role of VD3;RA in transcription of genes involved in neuronal
repair, protein synthesis, dopamine metabolism and glia-dependent neurotropin release in the brain [18] [19].
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Previously, we have shown that VD3R activation holds promising therapeutic effects in relieving motor-cog-
nitive dysfunctions observed in mice models of haloperidol-induced PD. Electrophysiological (extracellular)
neural recordings from the motor cortex (M1; Layer2/3) showed a decline in extracellular neural summation
(epoch-time activity; Hz/secs) after an acute treatment with intraperitoneally administered haloperidol. Interest-
ingly, normal neural activity was restored after VD;RA treatment in vivo. In addition, immunohistochemical
demonstration of neuron and astrocyte populations revealed an increase in cell proliferation in the M1 post
VD;RA treatment and corroborated the improved motor-cognitive function observed in behavioural studies [20].
The current study examines the role of prolonged haloperidol use in D, sensitivity in the motor-cognitive neural
axis. Subsequently, we examined the role of VD3R activation on D,-dependent neural activity (calcium signal-
ling) in the motor-cognitive neural axis and how it moderates motor-cognitive behavioural changes in parkin-
sonian mice.

2. Materials and Methods

Materials: All chemical reagents were sourced from Sigma-Aldrich, Germany. The Melanocytes were isolated
from Tilapia obtained from a river around the University. The Tilapia scale was dissected and perfused with
Ringer’s solution in a petridish at room temperature for 2 hours before treatment. Haloperidol Injection was
procured from Kanada Pharmacy, Nigeria and re-suspended in dextrose saline. VD was procured from Standard
Pharma, Nigeria and dissolved in normal saline. Haloperidol and VD5 solutions were prepared weekly as needed
and stored at 4°C.

Animal Source: Live Tilapia fishes (n = 5) was obtained from a nearby river with the help of professional
fishermen and were kept in a tank filled with flowing freshwater before use. Adult BALB/c mice were procured
form the animal holding facility of Afe Babalola University and were maintained in the same facility throughout
the duration of the study.

Animal Handling and Care: The marine specie (tilapia) was kept in a holding tank with adequate water cur-
rent for respiration. Adult BALB/c mice were kept in well aerated rooms with alternating 12 hours light and 12
hours darkness. The animals were adequately fed (normal rat chow) and had constant supply of drinking water.
All animal handling protocols were in accordance with the IACUC animal use guidelines and were approved by
the Animal Use Ethical Committee of the Afe Babalola University, Nigeria [Protocol Number; ABUAD/015/
0075].

In vitro Melanocyte Preparations: Melanocytes were obtained from the scale of live Tilapia fish. The scales
were washed and softened in 10 mM Na,HCO; prepared in calcium free Ringer’s solution [D-Glucose: 1.8 g/L,
MgCl,: 0.0468 g/L, KCI: 0.34 g/L, NaCl: 7.0 g/L, Na,HPQ, (dibasic): 0.1 g/L, Na,HPO,: 0.18 g/L and 1.26 gm
of sodium bicarbonate (pH 7.4)] to allow percolation of fluid into the cavity of the scale where the melanocytes
are located.

D, Inhibition and Ca?* Signalling In vitro: A light microscope (Roachoscope; Backyard Brains, MI, USA)
equipped with green and blue fluorescent light sources were used for this study. The light sources were made in-
cident on the cells in culture while the fluorescence images were acquired (Cameroscope 5.1 MP). Subsequent
analysis involved measurement of the fluorescence intensity on the cell body and cellular processes using Image
J (NIH, USA) to determine the maximum wavelength of several single fluorescence spots on the cell body and
cellular processes.

Animal Treatment (In vivo): BALB/c mice (N = 16) were separated into 4 groups based on body weight dis-
tribution. PD was induced after 14 days of treatment with 10 mg/Kg BW of dopaminergic D, blocker (n = 8).
Subsequently, n = 4 animals were treated with 100 mg/Kg BW (i.p. 7 days) VD3 (—D,/+VDRA) while the re-
maining set of n = 4 animals were untreated (—D,). A separate group of n = 4 animals received VD5 for 14 days
(100 mg/Kg BW intraperitoneal; +VDR) while the control (n = 4) received normal saline for 14 days (NS; in-
traperitoneal).

2.1. Motor and Memory Function

At the end of the treatment phase, (Day 14 for control, —D,, +VDR; Day 21 for -D,/+VDR) the animals were
examined in various tests for motor and memory function. All animals were familiarized with the behavioural
tools during the treatment phase and were moved to the testing area 72 hours before the commencement of the

tests.
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2.2. Motor Function and Coordination

Parallel Bar Test: Motor coordination was accessed on two raised 1 m long (1 mm) parallel bars (3 cm apart)
mounted on the 60 cm high wooden frame. The mice was placed at the 0.5 m mark (centre of the raised bars)
and allowed to roam freely on the bar. The duration taken for the mice to make a 90° turn was recorded as the
latency of turn (LOT) for a 3 minutes trial.

Rotarod: The test involved three trials of 3 minutes each (T,, T, and T5) separated by an inter trial time of 60
minutes. The time spent on the Rotarod in T4, T, and T3 were determined and averaged to determine the latency
of fall (LOF) for each group.

Cylinder Test: Each animal was placed in a 500 ml beaker (cylinder) and was allowed to explore the walls of
the cylinder with the forelimbs while standing on the two hind limbs. Subsequently, we determined the count of
exploratory forelimb-to-wall contacts made by the mice during a 3 minutes test to calculate the score of climb-
ing attempts.

2.3. Memory Function

Novel Object Recognition (NOR): Non-spatial working was accessed in NOR test for object recognition. In this
study, the test was modified as the objects were placed in close proximity (10cm apart) to eliminate the effect of
motor dysfunction on object exploration by the animals. In the first trial (T,), the animal was allowed to explore
two identical objects (green) for 5 minutes following which an intertrial (1.T.) time of 60 minutes was observed.
For the second trial (T,), one of the familiar objects was replaced with a novel object (red) for the test duration
(5 minutes). Subsequently, the time spent on exploration of familiar and novel objects were measured in T, to
determine the memory index (MI).

Y-Maze: The Y-Maze set up was placed in an isolated sound-proof room with adequate illumination. The
animal was gently placed into the central triangle of the Y-Maze and allowed to explore the three arms of the
maze. Subsequently, we determined the frequency of alternation between the three arms of a Y-Maze (a, b and c)
for the duration of the test (10 minutes) to determine the memory index (percentage alternation between succes-
sive arms of the maze)

(number of Right Decisions/total arm entries —2x100)

One Trial Place Recognition Test: The Y-Maze apparatus was set up in an isolated room with a digital camera
to cover three arms of the maze. One arm (a) of was blocked while the animal was placed in the centre of the
maze facing the two open arms (b and c). For the first trial (T1) the animal was allowed to explore the two open
arms (b and c) for 10 minutes following which an intertrial time of 60 minutes was observed; animal was re-
turned to the cage during the intertrial period. In the second trial (T2; 10 minutes), the animal was returned to
the Y-Maze with the three arms a, b and ¢ open. The exploration time for the arms was recorded to determine
the duration spent in the novel arm (a).

2.4. Electrophysiology

We obtained electrophysiological recording from the basal nucleus (CPu) Motor cortex (M1; L4-L6), Hippo-
campus (CAL) and the Prefrontal cortex (PFC) using chronically implanted wire electrodes. Thirty minutes be-
fore the implant, animals received 2 mg/Kg i.p meloxicam and were deeply anesthetised using 100 mg/Kg
Ketamine combined with 5 mg/Kg Diazepam. Using a stereotaxic frame, the scalp was dissected above the
bregma to expose the cranium. Periosteal tissue was removed using hydrogen peroxide solution and a cotton bud.
The positions of the M1, CPu, PFC and Hippocampus were located using a stereotaxic grid while the depth was
an approximate equivalent of the electrode length [coordinates relative to the bregma: M1 (AP: +3.34 mm ML:
+3 mm DV: +2.5 mm), CPu coordinates (AP: +2.28 mm ML: +3 mm DV: +6 mm), Hipp (AP: —4.4 mm ML.: +2
mm DV: +3 mm), PFC (AP: +2.2 mm ML: +1 mm DV: +2.5 mm)]. A dental drill was used to make holes in the
cranium following which insulated wire electrodes were implanted to the appropriate depth. The ground elec-
trode was placed on the cranium of the contralateral side. Subsequently, the implant was covered by orthodontic
resin to hold the electrodes in position during the recording procedure. The terminal wires of the electrodes were
connected to the amplifier through small head-sockets in preparation for immobile awake recordings. The data
from the amplifier (Spiker Box; Backyard Brains, Michigan, USA) was captured on the Audacity software v4.2
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and analysed in SigView v2.1 (Signal Labs, USA) to determine the extracellular summation epoch neural activ-
ity (calcium signals) expressed as Frequency (Hz) per unit time.
Statistical Analysis: Data were presented as mean + SEM; analysed using ANOVA and Tukeys Post-Hoc test.

Fokk

Statistical Significance was setas P < 0.05", P <0.01™, P < 0.001"".

3. Results

Cells Autofluorescence in vitro: We have shown that Tilapia melanocytes emitted white and green fluorescence
when exposed to blue light at 500 nm and green light at 580 nm (Figure 1). White fluorescence was seen when
melanocytes were cultured in calcium-free Ringer’s solution (pH 7.4) containing 300 UM Dopaminergic D,
blocker (melanophores accumulation; Figure 1(A) and Figure 1(B). Subsequent analysis show that inhibition of
Dopaminergic D, receptors (WT/-D,), activation of VDR (WT/+VDRA) and a combination of both (WT/-D,/
+VDR) caused no significant change in light intensity measured on the cell body (Figure 1(C) and Figure 1(D)).
By contrast, green fluorescence was emitted by the melanocytes when 100 mM calcium chloride (CaCl,) was
added to calcium free Ringer’s solution (calcium signal; Figure 1(F)) However, Dopaminergic D, inhibition in-
creased fluorescence intensity in the cellular processes when compared with the control (untreated) and 100 mM
CaCl, treatment. In addition, VD3RA treatment (300 uM) increased the number of cells exhibiting fluorescence
in calcium free Ringer’s solution and caused an increase in intrinsic calcium signalling seen as green fluorescent
bands (Figure 1(D)). This was also associated with a reduction of white fluorescence (increased vesicle clear-
ance; Figure 1(D)) when compared with the —-D, (Figure 1(C)). In a separate set up, Tilapia melanocytes were
incubated with VD3R agonist and D, antagonist (300 uM respectively) in calcium free Ringer’s solution for 60
minutes. As a result of this treatment, a moderate intensity of white and green fluorescence was observed on the
cell body and cellular processes (Figure 1(E)); similar to the control (Figure 1(A)). These findings suggest that
VD;RA activation can restore calcium signalling (green band) and improve vesicle clearance (reduced white
fluorescence intensity) following haloperidol induced D, inhibition.

3.1. In Vivo

Motor Function Tests

Rotarod Test: Haloperidol induced PD (-D,) caused a decline in motor function seen as a reduction in LOF
when the —D, treatment was compared with the control (P < 0.01). Subsequent treatment with VD3;RA (-D./
+VDR) improved motor function in this group as the mice recorded an increase in LOF when compared with the
control and the parkinsonian group (-D,). Although VDRA intervention after haloperidol induced PD caused a
significant improvement in motor function, however, VD3;RA treatment without prior induced PD caused a de-
cline in motor function when +VDR was compared with the control (P < 0.05) (Figure 2(A)).

Parallel Bar Test: In this test a significant increase or decrease in LOT scores were considered as abnormal
motor coordination when the treatment groups were compared against the control. Haloperidol treatment (-D,)
increased the LOT significantly versus the control (P < 0.05) as the mice showed characteristic decline in motor
coordination on the raised bars. After VD3RA intervention (-D,/+VDR), a decline in LOT was observed when
the —D,/+VDR was compared with the -D, (P < 0.01). In addition, the LOT values were similar to the control
scores and represent an increase in motor coordination (no significant increase or decrease versus the control).
Similar to our observations in Rotarod test, VDsRA treatment without prior haloperidol induced PD caused a
significant decrease in LOT when compared with the control (P < 0.01); thus, we inferred that VD3R treatment
induced motor dysfunction when administered without prior haloperidol treatment (Figure 2(B)).

Cylinder Test: We determined the climbing attempts in a glass cylinder as a measure of motor function after
haloperidol induced PD and subsequent VDs;RA intervention. Decreased climbing attempts score represents a
decline in motor function when the treatment groups were compared with the control. Haloperidol induced PD
(-D,) caused a significant decrease in climbing attempts (impaired) when compared with the control (P < 0.05).
In the intervention group (-D,/+VDR), motor coordination (number of climbing attempts) increased signifi-
cantly after 7 days of VD3;RA treatment when compared with the —-D, (P < 0.05). No significant change in motor
function was observed in the +VDR group when compared with the control (Figure 2(C)).

Motor Epoch Neural Activity: Haloperidol induced PD caused an increase in summation activity in the M1
and CPu (Figure 2(D) and Figure 2(E)) and was associated with a decline in motor function (Figures 2(A)-(C)).
After VD3RA intervention (-D./+VDR) a reduction in epoch neural activity was observed in the M1 while a
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Figure 1. (A)-(F). Bright field imaging of Tilapia melanocytes with blue and green fluorescent light sources. (A)-(B) Wild
type (WT) Tilapia melanocytes cultured in calcium free Ringer’s solution. Red circles denotes cells emitting fluorescence
when a blue light was made incident on the cells in vitro. Subsequently, the light source was removed and the melanophores
retained the fluorescence in bright field imaging (Figure 1(B)). (C) Extensive cellular processes were observed 60 minutes
after the cells were incubated in a Calcium free Ringer’s solution containing 300 pM haloperidol (D,-Antagonist). The ex-
tent of dopaminergic inhibition was seen as an increase in melanophore fluorescence intensity when the WT:—D, was com-
pared with the control. This was presumably due to the inhibition of Ca®* signalling as no green fluorescence was observed.
(D) Tilapia melanocytes were incubated with 300 uM of VD3RA in calcium free Ringer’s solution for 60 minutes. Green
and white fluorescence were seen after this treatment. The green fluorescence (calcium signal) was observed in the centre of
the cell (outlined with dotted black lines) while the white fluorescence (melanophore) was restricted to the cell body and
showed a decrease in fluorescence when compared with the haloperidol treated cells (Figure 1(C)). (E) A combined treat-
ment with 300 uM VD3;RA and 300 uM D,-Antagonist showed the presence of green (calcium) and white fluorescence with
reduced intensity in both cases (similar to the control; Figure 1(A)). This show that VD3R activation facilitates intrinsic cal-
cium signalling, thus reducing the extent of vesicle accumulation when compared with haloperidol treatment (Figure 1(C)).
(F) WT melanocytes in Ringer’s solution containing 100 mM CaCl,. Prominent green fluorescence was seen in the cell body
and cellular processes; especially the terminal part of melanocytes (Magnification x140). Figures 1(G)-(H). Measurement of
fluorescence intensity (nm) on the cell body and cellular processes of melanocytes. (G) No significant change was seen in
fluorescence intensity for the cell bodies when the WT/-D,, WT/+VDRA and WT/+VDRA/-D, were compared with the
control (WT). However, all groups were significant versus the 100 mM CaCl, treated group (P < 0.001™). (H) Dopaminer-
gic D, inhibition caused the most significant increase in fluorescence observed on the cellular processes and this was reduced
when VDRA was co-incubated with D, antagonist (WT/+VDRA/-D,) in vitro (See Figure 1(E)). Extensive cellular proc-
esses green fluorescence was observed in cells co-incubated with 100 mM CaCl,. All groups recorded a significant increase

Fkk.

in fluorescence when compared against the control (P < 0.001 ); similarly D, inhibition was significant versus CaCl,

treatment (P < 0.017).
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Figure 2. (A)-(C). Neural basis of motor function change in Haloperidol (—=D,) and VD;RA treated BALB/c Mice. (A) The
latency of fall (LOF) recorded in Rotarod test for motor function. A reduction in motor function was seen in the -D, treated
mice when compared with the control (P < 0.01). An improvement in motor function was observed in these mice after 7 days
of VD3RA treatment (—D,/+VDR); this was shown by an increase in the LOF when compared with the —D, treatment group.
VD;RA treatment without a prior —D, treatment also caused a significant decrease in LOF when compared with the control
(P < 0.05). (B) Motor coordination was assessed in the treatment and control group in the parallel bar test to determine the
latency of turning (LOT). Haloperidol treatment (—D,) caused a decline in motor coordination after 14 days of treatment. The
decline was recorded as an increase in the LOT when compared with the control (P < 0.05). Interestingly, VD3R treatment
post Haloperidol treatment improved motor coordination which was observed as a decrease in LOT when the -D,/+VDR
group was compared with the control (P < 0.01). However, VD;RA (only) treatment increased motor coordination in this test.
This was shown by the decrease in LOT when compared with the control and other treatment groups (C) The score of
climbing attempts was recorded for the control and treatment groups after the treatment phase. Haloperidol treatment (—D5)
decreased motor function (decreased climbing attempts score) when compared with the control (P < 0.05). After VD3;RA
treatment (—D,/+VDR) an increase in motor function was recorded as shown by the increased score of climbing attempts
when compared with the —D, treatment (P < 0.05). Similarly, mice treated with VD3;RA only showed a decline in climbing
attempts when compared with the control empirically. Figures 2(D)-(F). In vivo neural extracellular epoch recording from
the L4-L6 of the M1 and CPu. (D) The root mean square (RMS) represents the extracellular neural calcium activity (Sum-
mation) in the M1 (thalamic projections and nigrostriatal afferents) recorded through a chronic electrode implant in immobile
awake mice. Haloperidol treatment increased the RMS in M1 when compared with the control (mean) and corroborates a de-
cline in motor function observed in behavioural tests (Figures 2(A)-(C)). However, no major change was observed in the
CPu RMS when compared with the control. To support this, the spike pattern for the —D, treatment showed an increase in the
calcium mediated hyperpolarization potential (Figure 2(E)) and frequency of the potential. The CPu also showed an increase
in signalling when compared with the control in these mice (Figure 2(E) —D,). VD3;RA treatment after a phase of Haloperi-
dol induced PD increased the RMS and summation activity when compared with the —D, treatment group (Figure 2(E)
-D,/+VDR). This is also characterized by a spike pattern similar to the control M1. In addition, the CPu recordings showed
burst spike patterns and was associated with an increase in motor coordination versus the —D, treatment group (Figure 2(E)
+VDR). In mice treated with VD3RA only, we recorded an increase in RMS in the M1 and CPu. Similarly, spike train
showed an increase in hyperpolarization for M1-CPu and was characterized by a decline in motor coordination observed in
behavioural tests (Figures 2(A)-(C)). Figure 2(F) represents the schematic locations of chronic unilateral electrode implants
into the M1 (L4-L6) and the CPu.

burst activity (increased RMS) was observed in the CPu; this translated into an improvement in motor function
in the behavioural tests (Figures 2(A)-(C) and Figure 2(E) and Figure 2(F)). VD3;RA treatment (+VDR) in-
creased the RMS in the M1 while an irregular tonic activity (reduced RMS) was recorded in the CPu for this
treatment (Figure 2(D) and Figure 2(E)). This was characterized by a decline in motor function in behavioural
tests (Figures 2(A)-(C)). From these findings, we deduced that haloperidol induced PD (-D;) caused hyperac-
tivity in the M1 and CPu, thus, leading to a decline in motor function. Subsequent VD3;RA intervention reduced
the M1 activity and created a burst signal in the CPu; thus improving motor function when compared with the
parkinsonian mice (-D,; Figures 2(A)-(C)).

608
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3.2. Memory Function Tests

Y-Maze: Memory function was expressed as the frequency of arm alternation between the three arms of the
maze. No significant change was observed in the memory index when the haloperidol treated mice were com-
pared with the control (-D,); although an empirical reduction in memory index was seen in this group. Similarly,
no significance was recorded in the VDs;RA intervention group (-D,/+VDR) when compared with the -D, and
the control (Figure 3(A)). To verify these findings, the Y-Maze was re-adapted for a one place trial recognition
test to determine the spatial working memory in the novel arm of the maze. The frequency of all arm entries
showed that the control and the treatment groups had equal exposure to the novel arm as no significance was
seen for all treatments and control groups (NS; Figure 3(C)). Despite the frequency of novel arm exposure, the
haloperidol treatment recorded a decrease in novel arm duration (decreased spatial working memory) when
compared with the control (P < 0.05); further supporting the empirical decrease in memory index observed in
Y-Maze (-D,; Figure 3(A)). Similarly, the VD3;RA intervention (-D,/+VDR) group recorded an increase in
novel arm duration (increased spatial working memory) when compared with the parkinsonian (-D,) mice and
the control (P < 0.05; Figure 3(B)). VD3RA treatment of control mice (+VDR) caused an empirical decrease in
memory index when compared with the control (Y-Maze; Figure 3(A)), however, no significant change in novel
arm duration was seen when +VDR was compared with the control. In contrast to observations in motor func-
tion, VDsRA treated (+VDR) mice recorded a novel arm duration (spatial working memory) higher than the -D,
(P < 0.05; Figure 3(B)) in the one place trial recognition test. We deduced from these findings that VD3R treat-
ment did not reduce spatial working memory but reduced motor function in control mice.

3.3. Memory Epoch Neural Activity (Spatial Working Memory)

Haloperidol treatment (-D,) increased the frequency of PFC neural activity but reduced the Hippocampal (CA1)
burst frequency in immobile awake mice. The increase in PFC spiking activity was also associated with an in-
crease in RMS while loss of CA1 burst (high frequency) was linked with a reduction in CA1 RMS when the
parkinsonian (-D,) mice was compared with the control. Interestingly, these variations in PFC and CA1 neural
activities translated to a decline in spatial working memory in Y-maze and one place trial recognition test
(Figures 3(A)-(C)). After VD3;RA intervention, the —-D,/+VDR treatment showed an increase in PFC activity
(increased RMS; Figures 3(E)-(G)) and a reduction in CAL spike frequency (reduced RMS) when compared
with the control (Figures 3(E)-(G)). In behavioural tests for spatial working memory, the —D,/+VDR recorded
an increase in spatial working memory when compared with the —D,, thus, the increased PFC activity, after
VD;RA intervention, facilitated an increase in memory function despite a reduction in CA1 burst frequency.

Although PFC frequency increased in —D,, the threshold (RMS) was less than that recorded in the —-D,/+VDR
PFC. In addition, the —-D, and —D,/+VDR treatment showed a decline in CA1 RMS when compared with the
control, however, the —D,/+VDR decline was more prominent versus —D,. Comparing these results with the
outcome of behavioural tests, we deduced that PFC burst activity seen in the —-D,/+VDR was linked with an in-
crease in spatial working memory (Figure 3(E) and Figure 3(F)). Ultimately, VDRA intervention, after halop-
eridol induced PD, improved memory function through stimulation of PFC burst activities in cortical layers
L4-L6.

VDRA, administered to control mice, had no significant effect on spatial working memory when compared
with the control (untreated) mice (Figures 2(A)-(C)). This treatment raised PFC activity (frequency and RMS)
to a threshold similar to —-D, treatment (Figure 3(F)) and increased the CAL burst frequency when compared
with the control. Despite the density of the CAL burst pattern, the spatial working memory was empirically
lower than control frequency and insignificant versus —D,/+VDR. Considering the spike pattern for the
-D,/+VDR and -D,, the PFC frequency depicts the spatial working memory when compared with the CALl ac-
tivity. In support of this proposition, a prominent increase in CAL burst activity without a corresponding in-
crease in PFC neural activity, seen in +VDR, did not significantly increase memory function when compared
with the —-D,/+VDR (characterized by a prominent increase in PFC activity and a reduction in CA1 frequency)
(Figure 3(E) and Figure 3(F)).

Novel Object Recognition Test (NOR): Object recognition non-spatial working memory was assessed in the
parkinsonian (-D,) and the VDRA intervention group (-D,/+VDR) to determine the memory index. Although,
the spatial working memory was significantly reduced in the -D, (Y-Maze; Figures 3(A)-(C)), no significance
was recorded for non-spatial working memory (Figure 3(D)) when the —D, treatment was compared with the
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Figure 3. Neural Cognitive function in PD and after VD3RA intervention in Mice. (A) The memory index (M.I) was deter-
mined by the percentage alternation between the arms a, b and ¢ of the Y-maze. Haloperidol treatment reduced spatial work-
ing in mice after 14 days. This was shown by an empirical reduction in memory index for this treatment when compared with
the control. Subsequent treatment with VD3RA (—D,/+VDR) caused an increase in spatial working memory when compared
with the —D, and the control group. VD3RA treatment (only) caused no prominent change in the memory index versus the
control. (B)-(C) The Spatial working memory was further investigated using the Y-maze one place trial recognition test.
Similar to our observations in Figure 3(A), the Haloperidol treated mice showed a decline in spatial working memory when
compared with the control (P < 0.05). Similarly, VD3;RA treatment after the PD phase caused an improvement in cognitive
function recorded as an increase in the spatial working memory when compared with the —D, treatment (P < 0.05). However,
VD;RA treatment caused no significant change when compared with the control. In addition, we analyzed the number of arm
entries into the novel arm and observed no significance when the treatment groups were compared with the control. This im-
plied that all groups had equal exposure to the novel and other arms (Figure 3(C)). (D) NOR; the memory index showed that
haloperidol induced PD (—D,) and VD3;RA intervention (—D,/+VDR) did not significantly alter non-spatial object recogni-
tion memory when the treatment groups were compared with the control. (E)-(F) After the treatment phase, the —D, recorded
an increase in PFC neural activity, a decline in hippocampal (CA1) activity (Figures 3(A)-(D)). The spike train for this
treatment indicates an increase in neural activity in the PFC of these animals and was accompanied by a decrease in the CA1
summation. This was associated with a decrease in memory function in behavioral tests. VD;RA treatment after the PD
phase increased the RMS in the PFC when compared with the control and the —D, treatment group. However, a decrease in
CA1 activity (Figure 3(F)) was observed in this treatment and corresponded to an increase in memory function in behavioral
tests. VD3RA (only) treatment increased memory function and was associated with an increase in RMS in the PFC and CAl
when compared with the control, —D, and —D,/+VDR. Thus, VD3RA intervention improved PFC but not CA1 activity when
administered singly. Similarly, VD3;RA treatment administered in PD, increased the activity of the PFC but not the CAL re-
gion. Ultimately, the increase in PFC activity seen after VD;RA treatment in —D, animals significantly improved memory
function without a major change in CA1 activity. (G) The schematic locations of chronic unilateral electrode implants into
the PFC (L4-L6) and the Hippocampus (CA1).
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control. Similarly, the VDRA intervention in parkinsonian mice (-D,/+VDR) caused no change in memory in-
dex compared with the —D, and the control group.

3.4. Memory Epoch Neural Activity (Non-Spatial Working Memory)

Despite the changes induced in PFC and CA1 neural activities for -D,, —D,/+VDR and +VDR (Figure 3(E) and
Figure 3(F)), no significant change was recorded in the object recognition memory when these groups were
compared with the control. However, RMS scores and spike train tracing suggest that either an increase in either
PFC or CA1 activity might be responsible for the observed effect on memory index. It was observed that all-
treatment groups and control showed an increase in activity for either the PFC or CAl (Figure 3(F)). Specifi-
cally, -D, and —D,/+VDR treatments showed an increase in PFC activity while the VD3R treatment recorded an
increased CAL frequency similar to the control. From these findings, we deduced that haloperidol induced PD
significantly reduced spatial working memory (Figures 3(A)-(C)) but did not affect non-spatial working mem-
ory (Figures 3(D)-(F)).
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4. Discussion

Our results show that Dopaminergic D, inhibition facilitated melanosome turnover observed as an increased
white fluorescence intensity in the cell body and cellular processes. In addition, D,R inhibition blocked calcium
signalling as no green fluorescence (calcium signal) was seen (Figure 1(C)). This suggests that vesicle accumu-
lation and melanosome turnover increased after calcium signalling was blocked as a result of Dopaminergic D,
inhibition. As expected, VD3RA activation facilitated calcium signalling (green fluorescence; Figure 1(D)) and
increased vesicle clearance in the cell body and cellular processes after 60 minutes of incubation in calcium free
Ringer’s solution. Interestingly, co-incubation of melanocytes with VDsRA and haloperidol (D, Antagonist)
(Figure 1(E)) caused a reduction in both calcium signalling (compared with VD;RA only; Figure 1(D)) and
melanosome turnover (reduced vesicle traffic versus D, inhibition only; Figure 1(C)). From these findings, we
hypothesize that D, inhibition-induced Parkinsonism might be as a result of calcium signalling blockade and ac-
cumulation of melanosomes (vesicles) in the cell body and cellular processes of pigmented adrenergic neurons
of the nigrostraitum (CPu). Thus, activation of VD3R, after D, inhibition, restored calcium signalling and vesicle
clearance from the cell body and cellular processes. To test this hypothesis, we set up an in vivo model to inves-
tigate the physiological effects of D,R blockade induced Parkinsonism in adult BALB/c mice [21].

4.1. VD3RA Treatment Improved Motor Function in -D; Parkinsonian Model

Haloperidol induced PD caused a decline in motor function when compared with the control. This was observed
as a decrease in LOF (Rotarod; Figure 2(A)), climbing attempts (cylinder test; Figure 2(C)) and a decline in
motor coordination on the parallel bar (Figure 2(B)). In vivo neural recording in the M1 (L4-L6) and the CPu
showed differential effects of this treatment when the spike train frequency (Hz) for the parkinsonian model
(-D,) was compared with the control (untreated). The observed decline in motor function was attributed to
change in extracellular calcium hyperpolarization current in the M1 and CPu after haloperidol induced PD. The
most significant change in —D, was observed as an increase in the CPu hyperpolarisation calcium current which
translated into the observed motor deficits (Figure 2(D) and Figure 2(E)). Similarly, the reports by Dragicevic
and co-workers suggest that an alteration in D,R activation is associated with abnormal calcium currents in the
CPu [22]. This was linked to the role of specific receptors, associated with DA neuronal activities, in the patho-
physiology of the distinct neural activity observed in dopaminergic neurons [22] [23].

Subsequent VD3;RA intervention (-D,/+VDR) relieved motor impairments by decreasing M1 neural output,
and by increasing CPu burst frequencies. Such burst activities have been described in the dopaminergic neurons
in vivo and are known to be different from the tonic irregular activity seen in the control (Figure 2(E)) [22]-
[24]. In order to investigate the role of the CPu bursts in improved motor function after VDsRA intervention
(-Do/+VDR), a separate set of control mice were treated with VD;RA (+VDR) without prior haloperidol treat-
ment. After this treatment, an increase in M1 and CPu activities were recorded (Figure 2(E)), but did not sig-
nificantly change motor function as no CPu burst was observed. From these findings we deduced that M1 hy-
peractivity (decreased motor function) was mostly associated with haloperidol induced PD and VD;RA (only
treatment). By contrast, VD3;RA intervention improved motor function by facilitating a CPu burstfrequency
while reducing the activity of the M1.

4.2. VD3RA Intervention Improved Spatial and Not Non-Spatial Memory Function in -D;
Parkinsonian Model

Haloperidol induced PD (-D,) was characterized by a decrease in CAL burst frequency, reduced PFC activity
threshold (Figure 3(E) and Figure 3(F)) and a decline in memory function when compared with the control.
Although the parkinsonian mice (-D,) showed a decline in spatial working memory (Figures 3(A)-(C)), no sig-
nificant change in non-spatial memory was associated with the PFC-CA1 frequency (Figure 3(D)). A similar
effect of haloperidol on CA1 neural activity was described by Buhusi and Schmajukas an induction of long term
potentiation; this was also found to be associated with memory deficits in real time behaviour [25]. Subsequent
VD;RA intervention (-D,/+VDR) increased the PFC activity (burst pattern), reduced CAL neural activity and
the mice recorded an improvement in spatial working memory when compared with the parkinsonian group
(-D2; Figures 3(A)-(C)). Thus, VDs;RA intervention in parkinsonian mice (-D,) improved spatial working
memory by increasing cortical (PFC) neural outputs.
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To verify the role of PFC outputs in memory function, a separate control group received VD;RA (+VDR)
without prior haloperidol treatment. As a result of this treatment, a decline in PFC and an increase in CA1 dense
burst patterns was observed (Figure 3(F)) but had no effect on memory function when compared with the con-
trol. Thus, we deuced that a reduction in PFC neural outputs was linked with a decline in memory function seen
in parkinsonian mice (-D,) while its increase was associated with VD;RA intervention and improved spatial
working memory (-D,/+VDR). However, PFC and CAL cortical neural outputs did not significantly affect non-
spatial memory in the parkinsonian mice and intervention group. Similar to our findings, other reports have im-
plicated PFC outputs in memory function associated with dopamine-glutamate circuits. Activation or inactiva-
tion of these receptors had varying effects on PFC output projections which in turn regulates dopamine and ace-
tylcholine release in guided behaviour [26].

Previous studies have shown the importance of VD3R on motor-cognitive function in knockout mice model
(VDR-/-) and observed that the absence of these receptors affected motor function and not memory function
(Burne et al., 2005). VDR—/— mice showed a decline in motor function characterized by a short gait and a re-
duced LOF in Rotarod test. In addition, no significant change in cognition was recorded when the animals were
examined in the Y-maze [27]. However, we observed a similar behavioural pattern after VD;RA intervention as
the mice showed an improvement in spatial working memory but did not record any significant change in
non-spatial memory when compared with the control or the parkinsonian group (-D,). Interestingly, in the Y-
Maze test, the parkinsonian mice (-D,) showed no change in memory function when compared with the control.
However, a modification to the Y-Maze (one place trial recognition) revealed memory deficits in this group.
Although, the mice showed no significant change in arm exploration frequency when the treatments were com-
pared with the control (Figure 2(C), the parkinsonian mice (-D,) spent less time exploring the novel arm of the
Y-Maze in this test; thus depicting a decline in spatial memory function associated with site recognition rather
than exploratory function.

4.3. VD3R Activation and Motor-Cognitive Motor

Taken together, an intrinsic relationship was observed between Haloperidol (-D,) induced decline in motor and
memory functions in parkinsonian mice. This was characterized, mostly, by a reduction of CPu output (burst)
and the absence of PFC burst patterns in —D, treatment. On the other hand, VD3R targeted intervention
(-D,/+VDR) improved motor-cognitive functions by reversing the effects of —D, treatment on the PFC and CPu.
The implication in behavioural studies implies that the role of haloperidol in motor-cognitive dysfunction was
linked to its effect on the corticostriatal projections from the CPu to the PFC; suggesting cortical modulation of
striatal functions. In support of these findings, Scatton and co-workers described the effect of bilateral or selec-
tive bilateral ablation of the frontal cortex on striatal neural activities. Both forms of lesions prevented the cata-
leptogenic effects of haloperidol in rats. Subsequent surgical restoration of PFC functions facilitated the motor
dysfunction associated with haloperidol treatment; thus supporting the role of PFC-CPu corticostriatal outputs in
haloperidol induced motor-cognitive impairments [28].

5. Conclusion

The primary targets of haloperidol induced motor-cognitive function decline are the PFC and CPu. The associ-
ated neural changes in parkinsonian mice involved formation of abnormal calcium currents that are reversed af-
ter VD3RA intervention (-D,/+VDR). Thus, VD;RA intervention improved spatial working memory function
and motor function. No significant change was observed in non-spatial working memory when the treatment
groups were compared with the control.
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