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Abstract

Methamphetamine (METH) is a psychostimulant drug that can induce rewarding
behaviors. Although its mechanism acting on the central nervous system has been
proposed, there is no evidence reported about the local field potential (LFP) pattern in the
basolateral amygdala (BLA) in response to METH dependence. The first experiment was
conducted to record and analyze LFP in the BLA in METH conditioned place preference
(CPP). The results exposed that addition-related mice suppressed BLA theta and alpha
power but enhanced theta-gamma coupling. These changes were hypothesized to involve
stress response, dopamine release, and serotonin clearance. All these physiological
alterations may be reversed by the effects of kratom leave extract.

Mitragyna speciosa (Korth.) Havil. locally called kratom (KT) is a medicinal
plant. Its leave extract has been proposed to attenuate many withdrawal symptoms
induced by the abuse of drugs. However, using KT leaves on METH-induced CPP
remained largely unexplored. This experiment aimed to examine animal behaviors as well
as LFP patterns in the ventral tegmental area (VTA), hippocampus (HP), and the nucleus
accumbens (NAc) in repones KT leave extract treatment in METH CPP mice. The results
revealed that KT leaves extract at 80 mg/kg effectively ameliorated the CPP score via
attenuating VTA delta power, HP delta power, and NAc gamma I power. Simultaneously,
it also changes the pattern of brain connectivity expressed as coherence by lowing gamma
I coherence in the VTA-NAc and HP-NAc axes but escalating alpha coherence in the
VTA-HP axis.

Altogether, the evidence-based study may suggest that KT leave extract may be
suitable to develop as an alternative drug for METH craving therapy.
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Leave extract from Mitragyna speciosa (Korth.) Havil. attenuates
methamphetamine conditioned place preference of mice

1. Conceptual framework of the experiments

The overview of this research was summarized and exhibited in Figure 1. It
contained two continuous works initiated from establishing the methamphetamine
(METH) conditioned place preference (CPP) model to obtain possible mechanisms
underlying this model. The following experiment was conducted to test the effects of the
selected drug on METH CPP.

Animal behaviors T3
Induce METH-

ME;:;ba\:g\Hs:lm related behaviors

in animallmoﬂels

BLA LFP signals 388

-

VTA, NAC, HP
LFP signals

Figure 1 A flowchart exhibits the overall work of two experiments. Yellow, red, and blue
boxes represent the METH CPP experiment to find a possible mechanism underlying the
METH CPP, the transitional stage involved in surveying candidate drugs for METH CPP
therapy and testing the effects of the selected drug on the treatment for METH CPP.



2. Background and METH problems

The evidence of public health problems from misuse and overdose of METH does
exist '. METH is a stimulant drug acting on the central nervous system (CNS) as a
sympathomimetic agent. Chronic METH administration adversely affects body functions?
and psychological consequences, including depression and schizophrenia 3. These
psychological disorders partially result from the elevation of monoamine
neurotransmission-induced monoamine neurotransmitter (NT) remodeling known as
neuroplasticity, primarily in the mesolimbic dopaminergic (DA) system *. Additionally,
negative consequences of METH use were found to affect behavioral and social aspects
of the adolescent population °. Although the deleterious effects of METH use on health
exist, the current solution is not satisfied.

The DA cell populations of the mesolimbic DA system located in the ventral
tegmental area (VTA) play a crucial role in addictive functions and pleasure behaviors.
Fundamentally, several brain regions, including, the nucleus accumbens core (NAc),
hippocampus (HP), and the amygdala (AMY), are primarily innervated by DA pathways
from the VTA ¢ (Figure 2). In humans, emotion and cognition were interrelated with
neural processing from the AMY ’. However, the feature of the AMY is not a single
complete unit. It comprises various sub-regions, e.g., the centromedial nuclei or
basolateral nuclei (BLA) ®.

Glutamatergic
——{ GABAergic

._,« Dopaminergic

Output to limbic
and motor regions

Figure 2 Interconnections of the brain regions in the reward circuit (Modified from Russo
and Nestler, 2013)

Neural processing in the BLA is related to reward learning and addiction °.
Previously, permanent BLA lesion disrupted the effect of conditioned-cued reinstatement
in cocaine self-administration. The attenuation of reinstatement was observable in a
classical interference method that inactivated the BLA by using dopamine type 1 (DA1)
receptors antagonist. This effect was reversible by intra-infusion of amphetamine, a
psychostimulant drug, to the BLA directly '!". It was found that decreased BLA activity
by intra-injection with AP5, an NMDA receptor antagonist, could block amphetamine



CPP acquisition and extinction '2. These findings indicated that the BLA plays a critical
role in neural mechanisms associated with some aspects of drug addiction and craving.

Modulation of the BLA that facilitates drug-seeking behaviors remains to be
explored. Although a significant role of the BLA engaged with addictive activities has
been proposed. Most previous studies were performed using molecular techniques such as
immunoreactive staining, western blotting, and microdialysis '*!'* which the data outputs
were limited in terms of temporal resolution and sensitivity. For example, detecting brain
activity modulated within a time fraction in milliseconds is impractical. Therefore, the
solution to this problem has already been addressed by the previous demonstration using

electrical brain wave recording and analyses '°.

Fundamentally, electrical transmission is a predominant feature of brain
communication. Neuronal responses produced by substances such as drugs or
neurotransmitters are primarily generated from the interaction between functional
domains of various biomolecular molecules (e.g., receptors, channels, enzymes) '°. These
substances change downstream signaling pathway modulation, alternate ion conductance
pattern of neurons (e.g., increase or decrease firing rate) and elicit local field potential
(LFP). LFP signals can be recorded, analyzed, and depicted in various aspects, such as
power spectral density (PSD) and phase-amplitude coupling (PAC), which are extensively
used to identify clinical profiles of drugs of interest in rodents !” and humans '®. Moreover,
unique LFP patterns can also be used to reflect and represent the specific condition of
stimulation, or some certain tasks performed. Previously, elevation in delta and theta
powers and theta-high gamma PAC in the hippocampal CA1 of mice were detected in
response to repeated exposure to palatable food !°. Moreover, mPFC oscillation in theta
and gamma frequency bands and theta-high gamma PAC was associated with heroin
addiction, validated by CPP behavioral method °.

In general, multiple factors such as drug conditions, users with a genetic
vulnerability, and the properties of drugs themselves can facilitate an addictive state 2!,
Additionally, the former factor is decisive because its effect is stored as long-term
memory for an extended period. To mimic METH-associated environment-induced
rewarding effects and CBs in laboratory models, the CPP paradigm has been extensively
deployed 223

Several experiments were carried out using the CPP paradigm according to its
highly standardized quality for testing addictive properties of drug candidatures %¢. In
particular, it has been widely used as a reliable animal model for investigating brain
mechanisms associated with drug-seeking and rewarding behavior in laboratory animals
induced by various psychomotor stimulants such as amphetamine, cocaine, and METH
232728 Drug craving and seeking behavior are generated by the contextual stimuli related
to drug administration. Mostly, the addicts are vulnerable to relapse in response to the



incentives associated with drug intake. However, brain mechanisms and signaling
underlying these phenomena have been largely unexplored.

3. Basic information on LFP signal parameters

The electrodes inserted into the extracellular space of neuronal populations in
deep areas can capture brain signals that contain two components superimposed on each
other. Firstly, spike potential refers to the high-frequency signals from 0.6-1 to 3 kHz .
Another is LFP which is the signals that fluctuate at low-frequency voltage (<200 Hz)
(Figure 3). It was recognized as the output from the neural ensemble and dendritic
processing of the local neural networks °. Processed LFP signals are often illustrated in
aspects such as PSD, PAC, and coherence.
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Figure 3 Type of brain signals from the extracellular recording (Modified from (Berens
et al., 2008))

Any signal oscillation may contain three portions primarily: frequency, phase, and
power (Figure 4). Frequency represents the speed of signal oscillated per second, while
the definition of phase is the position or angle on a sine wave in a given time. It is often
measured in radians or degrees. The energy of the distinct frequency is referred to as
power.

Phas%
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v
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Figure 4 Component of signal oscillation (Modified from (Cohen, 2019)*!)



3.1 Power spectral density (PSD)

LFP signals were established by the aggregation of noises and several sine waves
containing the difference in amplitudes, frequencies, and phases (Figure SA). Band filter
was performed to extract sine wave into 3 and 8 Hz and mix of 3-Hz-8Hz signal (Figure
5B in panels A1, B1, and C1, respectively). The Fast Fourier Transform (FFT) was
deployed to convert data from time to the frequency domain, as shown in the bottom
panels. The data transformation over time will appear in the continuous histogram (Figure
5B in panel C2) to demonstrate the area under the curve of Figure 6C. In other words,
signal power (Figure 6C) results from the principle of FFT working via side-view
observation in the horizontal plane of signals in the time domain (Figure 6B).
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Figure 5 LFP signals are composed of different amplitudes, frequencies, and phases of
each sine wave (A). The FFT transformed data from time to frequency domain (B)

(Modified from (Cohen, 2019)).

(A) Time domain

Amplitude (pV)

WWM’ XW“L' #W ‘MJ‘W V Wywl\

-1000 -500 500
Time (ms)
®) (¢

Time segment
— Original
FFT
M py —— >
rﬂr\/\ WY,

0

Amplitude (pV)

100 200 300 400
Time (ms)

1000

1500

) Frequency domain

L

Frequency (Hz)

Power (uV?)

Figure 6 Overview of data transformation from time to frequency domain under the

function of FFT (Modified from (Cohen, 2019))



3.2 Phase-amplitude couplings (PAC)

PAC was applied to assess whether a slow oscillation's phase modulates a fast
oscillation's amplitude. Strong PAC usually represents a form of high modulation index
(MI) (Figure 7).

Raw data Amplitude
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Figure 7 The procedures for PAC analysis (Modified from (Samiee and Baillet, 2017))
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3.3 Coherence

Brain working was recognized as a network system functioning by integrating and
processing information from many regions. Signals in different sites interacted through
the power spectrum over many frequencies and expressed the yield of signal interactions
as the degree of coherence. The degree ranged from 0 — 1 to determine that no interaction

was seen between the signals originating from a couple of areas and vice versa (Figure 8)
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Figure 8 The ideal phenomena of signals between areas that contained a high degree of
coherence at 40 Hz (Modified from (Shinohara et al., 2013))



4. Objective of the METH CPP experiment

This study aimed to characterize and clarify LFP spectral powers and PAC patterns
in the BLA of mice induced by the METH CPP paradigm.

5. Materials and Methods for the METH CPP experiment
5.1 Animals

This animal study was conducted under the guidelines of the European Science
Foundation (Use of Animals in Research, 2001) and ARRIVE (Animal Research:
Reporting of In Vivo Experiments) to protect animals used in scientific research. The
experimental procedures and protocols were approved by the Institute Animal Care and
Use Committee, Prince of Songkla University [project license number: MHESI
6800.11/845 and reference number: 57/2019]. Male Swiss albino ICR mice (7—-8 weeks
old) were obtained from the National Laboratory Animal Center, Mahidol University,
Thailand. To acclimatize and minimize animal stress, all animals were pre-handled for
one week before the initiation of the experiment at the Southern Laboratory Animal
Facility, Prince of Songkla University. The animals were housed in an individual stainless-
steel cage (17 x 28.5 x 17 cm) with a standard environment (12/12 h light/dark cycle, 22
+ 3 °C, and 55 + 10% relative humidity). Commercial food pellets and water were

available ad libitum. All experiments were carried out between 8 a.m. and 4 p.m.
5.2 Drugs and chemicals

METH hydrochloride was provided by the Food and Drug Administration,
Thailand, with a standard purity (95.8%) for research purposes. In addition, METH at 1
mg/kg diluted in physiological saline solution (0.9% w/v NaCl) was intraperitoneally
injected with a fixed volume per body weight of mice at 10 ml/kg. The concentration of
METH was selected under a dose that produced conditioned place preference in this strain
of mice .

5.3 Animal surgery for implanting the LFP electrodes

The process of intracranial electrode implantation has already been described
previously 3. At the start of the experiment, animals were approximately four months
after birth with a body weight of 45.0 + 2.4 g. They were deeply anesthetized with an
intraperitoneal injection of 16 mg/kg xylazine hydrochloride (Xylavet, Sigma-Aldrich
International GmbH, Switzerland) and 50 mg/kg zoletil (Tiletamine — zolazepam, Vibac
Ah, Inc., USA) cocktail. Following a period of unconsciousness, animals' heads were then
fixed with stereotaxic apparatus. Lignocaine (20 mg/ml) (Lidocaine, M & H
manufacturing Co., Ltd., Thailand), a local analgesic drug, was administered
subcutaneously before making the midline incision of the scalp on the dorsal head to



expose the skull. The position on the skull above the BLA was marked for a drilling hole.
Therefore, the electrode was stereotaxically positioned on the left hemisphere of the brain,
defined from bregma to the BLA (AP; -1.7 mm, ML; 3 mm; DV; 4.8 mm) according to
the mouse brain atlas **. The reference also used as a ground electrode was implanted on
the skull at the midline over the cerebellum (AP; -6.0 mm, ML; 0.0 mm; DV; 1.5 mm).
Additional holes were drilled for stainless steel screws as anchors for extra stability. All
silver wire electrodes (0.381 mm in diameter) were secured permanently with dental
acrylic (Unifast Trad, GC Dental Industrial Corp., Tokyo, Japan). The antibiotic ampicillin
(100 mg/kg) (General Drug House Co., Ltd., Bangkok, Thailand) was applied
intramuscularly for three days to prevent infection. The animals were allowed to fully
recover in an individual cage for at least two weeks before the start of the experiment.

5.4 CPP apparatus and paradigm

CPP paradigm has been employed to assess environment-induced drug-seeking
behaviors in laboratory animals. The CPP apparatus was modified from the previous
study ** and made from plexiglass in a Y-shape (Figure 9). There were three rectangular
compartments (25 cm x 18 cm x 25 cm) connected with and separated from each other by
removing or placing removable walls between each compartment and triangular central
zone. Two compartments located laterally had identical shapes and sizes to the central
zone but had different floor textures and wall shading. One lateral compartment had
vertical strips lined on the wall and a smooth floor. The other lateral compartment had
grid strips attached to the wall and textured the floor. The third compartment on the base
was a neutral zone used as a starting position for animal exploration. The overall schedule
of drug injection was modified from the recent study »°. The experiment's protocol was
shown in a time sequence (Figure 9). In brief, the CPP paradigm primarily began with
habituation and continued with three phases of CPP, which included a pre-conditioning, a
conditioning, and a post-conditioning phases.

5.4.1 Habituation and pre-conditioning phase

Animals were acclimatized to the experimental room. They were brought to a
place in the room for at least 30 min before the start of the experiments. During the
habituation (days 1 and 2), animals were intraperitoneally injected with normal saline
solution and immediately placed in the starting position in the chamber. Then, animals
were individually allowed to explore all compartments of the CPP apparatus freely for 15
min. During a period of pre-conditioning (day 3), the animals were treated and trained in
the same manner as during the habituation periods. The time animals spent in each
compartment was assessed and expressed as a CPP score. CPP score for each animal was
calculated by subtraction of the time that each animal spent in the METH -paired
compartment with time spent in the normal saline-paired compartment. Tossing a coin
was a method to divide all mice into two sub-groups to receive either normal saline or



METH. Moreover, two compartment sides were randomly paired with METH or saline to
avoid bias.

5.4.2 Conditioning phase

The conditioning phase took ten consecutive days (days 4 - 13). Mice of the
METH group (n = 7) were given METH and saline injection on alternative days (1 mg/kg
METH on an odd day and saline on an even day during this phase). Subsequently, they
were confined to the assigned compartment for 30 min to learn to pair with different
treatments (METH and saline) and specific details of the assigned compartments. On the
other hand, control mice (n = 10) were administered with normal saline daily for both
compartments. After the animals completed the session each day, they were moved back
to their home cage.

5.4.3 Post-conditioning phase

The post-conditioning phase was done on day 14 (post-conditioning day1). The
procedure of this phase was the same as that of the pre-conditioning phase. For testing,
mice from both groups were given neither METH nor normal saline. They were
individually allowed to survey the entire CPP apparatus freely for 15 min. After that, the
calculation of the CPP score was carried out.

Condition

Habituation

0.9% w/v saline or
1 mg/kg METH (i.p.)

LFP electrode
implantation

w I . Pre-condition

” 2 weeks for recovery 1

.. I. Post-condition

.LFP signals & animal behaviors recording ‘ '

The CPP score = spent time in drug-
minus saline-paired compartment

0.9% wi/v saline (i.p. 0.9% w/v saline (1.p. 0.9% w/v saline (1.p.

Figure 9 The protocol for characterization of LFP pattern and PAC rhythm in the BLA of
mice in METH-induced CPP. Animals were handled through the processes of electrode
implantation, recovery period, and three phases of a CPP paradigm: habituation and pre-
conditioning, conditioning, and post-conditioning phases during days 1-3, 4-13, and 14,
respectively.
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5.5 Recording of animal locomotor activity and LFP signals

LFP signals and locomotor activities of individual animals were recorded
simultaneously during the pre-conditioning and post-conditioning phases. For LFP signal
recording, after 50 Hz power line and spontaneously electrical artifact rejection, signals
were harvested with 1.024 s duration in sweeps, and the size of sampling frequency was 2
kHz. Therefore, the sampling frequency was 2.048 kHz, well over the Nyquist sampling
rate. All LFP signals were amplified with low-pass 1 kHz and high-pass 0.3 Hz by Dual
Bio Amp (AD Instruments, Castle Hill. NSW, Australia). A PowerLab 16/35 system (AD
Instruments, Castle Hill. NSW, Australia) with 16-bit A/D performed the conversion from
analog signals to digital data. LFP signal analysis was processed through 1-100 Hz band-
pass digital filtering. For locomotor activity, the spontaneous animal movement was
captured by a webcam camera vertically fixed on the top of the recording chamber. All
data were deposited in a computer through LabChart 7.3.7 pro software. Data were
selected explicitly during 5-15 min of this recording to monitor LFP oscillations and PAC
patterns of mice under an addictive state induced by METH treatment.

5.5.1 Locomotor activity analysis

The analysis of locomotor activities of animals was validated by using the open
source toolbox OptiMouse *° to capture the body position of mice. The alternations of
locomotor activity in the assigned period and time spent in each compartment of the
apparatus were illustrated and expressed as mean + Standard Error of Mean (SEM).

5.5.2 LFP signal analysis

For data analysis, the FFT algorithm (Hanning window cosine transform) with
50% window overlap and 0.976 Hz of power spectra resolution was used for generating
PSD from digitized data stored in a PC via the LabChart 7.3.7 pro software. Subsequently,
each discrete frequency band of the PSD was averaged and depicted as a log percentage
of total power in frequency domains with eight defined signal frequency ranges (delta:
1.0-3.9 Hz, theta: 4.7-8.7 Hz, alpha: 9.8-12.7 Hz; beta: 13.6-29.3 Hz, gamma I-IV: 30-90
(increase in 15 Hz in order))

Cross-frequency coupling (CFC) was used to evaluate the interactions between
different frequency ranges of the neural signal. This study focused on PAC, one of the
most typical representatives of CFC, to analyze the strength of coupling between 2
frequency bands of interest. The results were expressed as MI extracted from
comodulograms or coupling maps to present faster wave amplitude driven by a slower
frequency phase. Therefore, PAC was deployed to analyze LFP data during drug-seeking
behaviors. Theta-gamma coupling was explicitly focused. All raw data were run via
toolbox Brainstorm3 3’.
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5.6 Statistical analyses

All parameters were shown and analyzed as mean + Standard Error of Mean
(SEM). All parameters were processed under the function of two-way repeated measure
analysis of variance (ANOVA). Conditioning states or trials were used as within-subject
factors, and inter-subject factors with or without METH treatment were considered inter-
subject factors defined as a group. A P-value < 0.05 was defined as statistically significant.

6. Results of the METH CPP experiment
6.1 Locomotor activity

Locomotor activity was monitored for a period of 15 min recording. Data were
analyzed for a parameter of locomotor speed (Figure 10A). Values during pre- and post-
conditioning phases of control and METH groups were shown. The results showed high
fluctuations, particularly during the early period. The speed levels were relatively stable
from the middle to the end of the recording period of both the control and METH groups.
Statistical analysis revealed non-significant differences between groups and pre-
conditioning and post-conditioning phases (Figure 10B). Therefore, raw signals from a
period of 5 to 15 min recording were selected for analyses of all data in this study.
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Figure 10 Locomotor activity of animals in a CPP apparatus, Averaged speed during pre-
conditioning and post-conditioning phases of control (n = 10) and METH (n = 7) groups
were monitored. Values were calculated every 1-min bin (A). Averaged speeds during 5-
15 min were selected for investigation (B).

6.2 METH conditioned place preference

Time spent on animals in saline-paired and METH-paired compartments during
pre- and post-conditioning phases of control and METH groups were analyzed. Both
control and METH animals explored all compartments relatively evenly during the pre-
conditioning phase. No obvious side preference in their exploratory patterns was seen
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(Figure 11A). However, during the post-conditioning phase, the control group maintained
the same pattern of exploration, whereas the METH group clearly showed a side
preference for the METH-paired compartment. Therefore, time spent values were
converted into CPP scores and statistically analyzed. During the pre-conditioning phase,
control and METH groups had CPP scores at 1.59 + 16.03 s and -6.70 = 20.42 s,
respectively. During the post-conditioning phase, control and METH groups produced
CPP scores at 10.07 + 50.20 s and 258.48 + 48.83 s, respectively. Two-way repeated
measure ANOVA revealed significant effects of trial [F (1, 15) =13.712, P = 0.002],
group [F (1, 15) = 11.334, P = 0.004] and group x trial interactions [F (1, 15) = 12.065, P
= 0.003]. Multiple comparisons revealed significant increases in CPP score during post-
conditioning phase of METH group compared to pre-conditioning phase of METH group
[F (1, 15)=21.888, P <0.001] and post-conditioning phase of control group [F (1, 15) =
13.145, P =0.002] (Figure 11B). No significant difference was found between the pre-
and post-conditioning phases of the control group and between the pre-conditioning
phases of the control and METH groups. Altogether, the present data confirmed the
establishment of METH-conditioned place preference.
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Figure 11 Locomotor tracking of exploratory behavior of representative mice (A) and
averaged CPP scores (B) of control and METH groups during pre- and post-conditioning
phases in the CPP apparatus are shown. Data were expressed as mean & SEM, % ¥
P<0.01, 0.001 for comparisons with each paired result.

6.3 PSD in the BLA of METH conditioned place preference

Visual inspection was performed to observe the oscillatory patterns of raw LFP
signals and spectrograms during pre-conditioning and post-conditioning phases. Baseline
LFP patterns of the pre-conditioning phase were shown with normal components of
frequency activity. During the post-conditioning phase, slow wave activities were absent
intermittently from time domain signals of METH groups. No apparent change between



13

the pre-conditioning and post-conditioning phases was seen in the control group (Figure
12).

0.2 mV |

500 ms

Min o W ox10 Min

Pre-condition (METH) Post-condition (METH)

Figure 12 Raw LFP signals of representative mice during pre-conditioning (left panel)
and post-conditioning phases (right panel) of the METH group. Raw signals were also
converted and shown in spectrograms. Frequency spectral power was demonstrated with
color code. Blue and red colors represented the lowest and highest LFP powers,
respectively. Arrowheads indicate the disappearance of slow frequency oscillations,
particularly in theta and alpha ranges.

Therefore, LFP signals were transformed into the frequency domain for
quantitative analysis as LFP spectral powers (Figure 13A and 13C for control and
METH groups, respectively). Two-way repeated measures ANOVA demonstrated
significant effects of trial [F (1, 15) =4.776, P = 0.045] and trial x group interactions [F
(1, 15) =5.342, P=0.035] but not effects of group on the theta wave. Moreover,
significant effect was found only on trial [F (1, 15) = 5.714, P = 0.030] of alpha wave.
The Control group did not show any significant change following the conditioning
paradigm (Figure 13B). In METH group, significant decreases in theta [F (1, 15) = 8.593,
P =0.010] and alpha [F (1, 15) = 6.220, P = 0.025] frequency powers during post-
conditioning phase compared to pre-conditioning levels were seen (Figure 13D). The
present data indicated specific changes in theta and alpha frequency ranges in the BLA
during the post-conditioning phase of METH CPP.
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Figure 13 Averaged LFP spectral powers of control (A) and METH groups (C). Data
were normalized as percent total power and illustrated on a log scale. Theta and alpha
powers were depicted in small sub-plots. LFP powers of control (B) and METH groups
(D) were divided into eight discrete frequency bands ranging from delta (1.0-3.9 Hz),
theta (4.7-8.7 Hz), alpha (9.8—12.7 Hz), beta (13.6-29.3 Hz), and gamma I-IV (30-90 Hz
with an increase in 15 Hz in order). Data were expressed as mean + SEM. Asterisks
indicate significant differences at *: P<0.05 performed by two-way repeated measure
ANOVA.

6.4 PAC in the BLA of METH conditioned place preference

Comodulograms of PAC from the BLA of mice during pre-conditioning and post-
conditioning phases were visualized. In the control group, no obvious change was seen.
In the METH group, different patterns between comodulograms of pre-conditioning and
post-conditioning phases were found (Figure 14A). Two-way repeated measures ANOVA
demonstrated significant influence of trial [F (1, 15) = 15.195, P =0.001], group [F (1,
15) = 11.488, P =0.004], and trial x group interactions [F (1, 15) = 11.039, P =0.005] on
maximal modulation index (MI). Pairwise comparisons revealed significant increases in
MI during post-conditioning phase compared to pre-conditioning phase of METH group
[F (1, 15)=24.620, P < 0.001] and post-conditioning phase of control group [F (1, 15) =
12.254, P=0.003] (Figure 14B). No significant difference was observed between the pre-
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conditioning and post-conditioning phases of the control group and between the pre-
conditioning phases of the control and METH groups.

Additionally, significant effects of trial [F (1, 15) = 5.498, P =0.033], and trial x
group interactions [F (1, 15) =5.498, P = 0.033], but not the effects of group, were seen
in frequency for phase of slow wave. Multiple comparisons confirmed significant increase
in METH group during post-conditioning phase compared to pre-conditioning phase [F
(1, 15) = 10.386, P = 0.006] and compared to post-conditioning phase of control group [F
(1, 15)=9.476, P = 0.008] (Figure 14C).

The analysis of frequency for amplitude of fast wave revealed a significant effect
of group [F (1, 15) =4.735, P=0.046] but not trial [F (1, 15) = 0.094, P = 0.764] and trial
x group interactions [F (1, 15) =2.580, P = 0.129]. Multiple comparisons indicated a
significant difference in frequency for the amplitude of fast waves between post-
conditioning levels of METH and control groups [F (1, 15) =9.173, P = 0.008] but not
within any group (Figure 14D).
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Figure 14 Phase-amplitude cross (PAC) frequency couplings of control and METH
group, Comodulograms of PAC in the BLA of the representative mouse from control (left
panel) and METH group (right panel) during pre-conditioning (top panel) and post-
conditioning phase (bottom panel) are shown. Black arrows indicate the maximal
modulation indices in each condition (A). PAC values were analyzed in terms of maximal
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modulation index (B), the frequency for the phase of slow oscillation (C), and frequency
for the amplitude of fast wave activity (D) extracted from comodulograms. All data were
expressed as mean = SEM. A two-way repeated measure ANOVA was performed,
**P<0.01, ***P<0.001.

Therefore, broad frequency ranges for phase and amplitude were sub-divided for
testing PAC induced during the post-conditioning phase. Frequency for phase was focused
on theta and alpha ranges, whereas frequency for amplitude was focused on gamma I, I,
and III. MI values were analyzed. The results displayed no significant difference between
MI values of pre- and post-conditioning phases in the control group (Figure 15A-I).
However, two-way repeated measure ANOVA revealed a significant influence of trial [F
(1, 15) =10.670, P = 0.005] but not trial x group interaction [F (1, 15) =2.830, P=0.113]
and group [F (1, 15) =0.259, P = 0.618] on theta-gamma II (45-60 Hz) PAC. Moreover, a
significant difference was seen in theta-gamma II [F (1, 19) = 8.294, P = 0.010] but not in
other PAC couplings of the METH group (Figure 16A-I). The MI value of theta-gamma
II was significantly increased during the post-conditioning phase compared to the pre-
conditioning level. Altogether, these results indicated the enhanced MI of theta-gamma II
PAC in the BLA of mice associated with METH CPP.
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Figure 15 Modulation indices of the BLA of the control group during pre-conditioning
and post-conditioning phases, Line graphs of modulation indices calculated from multiple
couplings of frequency for the amplitude of the faster wave (gamma I-1V) (A-H) driven
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by phase of theta wave (A-D) and alpha wave (E-H), respectively. Modulation indices of
each coupling were averaged and expressed as bar graphs for statistical analysis (I). Data
are shown as mean + SEM and analyzed by two-way repeated measure ANOVA.
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Figure 16

Modulation indices of the BLA of the METH group during pre-conditioning and post-
conditioning phases, Line graphs of modulation indices calculated from multiple
couplings of frequency for the amplitude of the faster wave (gamma I-1V) (A-H) driven
by phase of theta wave (A-D) and alpha wave (E-H), respectively. Modulation indices of
each coupling were averaged and expressed as bar graphs for statistical analysis (I). Data
are shown as mean + SEM and analyzed by two-way repeated measure ANOVA, *P<0.05.

7. Discussion of the METH CPP experiment

The present study demonstrated METH CPP and changes in LFP activities of the
BLA following repeated sessions of METH administration in the CPP paradigm. The CPP
score of METH and changes in LFP oscillatory pattern in the BLA were highlighted as
neural processing of METH CPP through associative learning. METH CPP scores
confirmed the addictive property of the drug. The increased time spent in the METH -
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paired compartment induced by METH-related cues in the CPP chamber was similar to
that produced by standard drugs such as cocaine 7, heroin **, or amphetamine .

The expression of METH CPP was believed to be induced by the memory-
associated cue of METH administration. Basically, locomotor movement caused by
psychostimulant drugs could interfere with CPP outcomes. Previously, the fluctuation of
animals' movement was found to impact LFP signal generation and oscillation *°.
Therefore, data recorded during a stable period of 5 to 15 min were selectively analyzed.

Apart from the direct effect of addictive drugs, some factors facilitate addiction,
such as the genetic vulnerability of the users and drug-associated conditions 2!. In
particular, the latter factor is decisive for the reward learning process of addictive drugs.
Previously, the BLA was engaged with the reconsolidation of drug-associated memories
40 It was involved in cocaine-related memory reconsolidation *'. Moreover, the
relationship between BLA action and drug-seeking behaviors induced by drug-related
cues has been evidenced **. Using the CPP paradigm, the contextual cues of the drug (e.g.,
drug paraphernalia) were demonstrated to elicit craving **. This could explain why
METH-associated cues increased CPP scores during the post-conditioning phase.

The BLA closely connects with the mesolimbic DA system for neural processing
in response to reward-related stimuli. Previously, a disruption of the brain reward circuitry
was found to result in mood disorders °. Several experiments have been conducted to
demonstrate the critical role of the BLA in addiction. Altogether, alleviation of drug-
seeking behaviors was correlated with the BLA activity suppression '°'2, The present
data highlighted the decreased theta and alpha spectral powers and the increased MI of
theta-gamma II cross-frequency coupling in the BLA. These LFP oscillatory patterns
would likely predict drug craving and seeking.

Previously, theta desynchronization in the BLA was believed to relate to fear
learning impairment via serotonin (5-HT) clearance ***°. Escalation of craving and
freezing behaviors evaluated by CPP and contextual fear conditioning paradigm was
found to accompany the enhancement of stress hormones release (e.g.,
adrenocorticotrophic hormone, corticosterone (COR)) 647, This may imply that a lower
level of 5-HT seems to promote the expression of rewarding behaviors by inducing COR
release because plasma 5-HT also declines during the abstinent period of alcohol
dependence *8. In contrast, citalopram, a 5-HT reuptake inhibitor, was found to alleviate
cue-induced drug craving and correlate with the availability of DA receptors *°.
Altogether, it could be suggested that reduced BLA theta power may partially result from
a decreased level of 5-HT, which is the physiological changes contributed to facilitating
craving in the CPP paradigm.

Alpha power was decreased during the post-conditioning phase. The controlling
of DA neurons projecting from the VTA to the BLA has been proposed to mediate



19

pleasure feeling *°. Activating the subset of GABAergic interneurons in the VTA could
promote the disinhibition of DA neurons °!, which can be induced by reward-predictive
cues . This, in turn, may facilitate hyperpolarized DA neurons and DA release in the
nerve terminal (e.g., BLA, NAc, mPFC). Previously, the attenuation of alpha
synchronization in the frontal cortex was postulated to associate with DA release 7*->.
Moreover, it was found that amygdala connectivity was found to interact with many sub-
regions in the frontal cortex during cocaine cues reactivity >°. Wholly, it could be indicated
that dopamine fluctuation in the BLA would be a direct effect of BLA alpha power
modulation.

The PAC, one of the most studied types of cross-frequency coupling, was analyzed
following METH repeated exposures in the CPP paradigm. An increase in theta-gamma
sub-band II (45-60 Hz) was observed. Theta-gamma PAC is a critical maker of neural
processing that supports learning and memory in animals *° and humans %’ and appears to
be associated with memory formation and synaptic plasticity >®. So far, the critical role of
theta-gamma coupling in the brain reward circuits implicated with drug dependence has
not been well described. Previously, a significantly remarkable elevation in theta-gamma
coupling (6-8 Hz with 50-55 Hz) was seen in the mPFC following cocaine treatment 2°.
In addition, cross-frequency coupling appeared to mediate network-level dynamical
computations during the performance of T-maze task *°. Collectively, the mPFC and BLA
couplings may be considered functional interactions that motivate drug-seeking behaviors.
The gamma range coupled with the theta mentioned above was below 60 Hz. On the other
hand, theta-high gamma (60-100 Hz) coupling was also involved in other motivated
behaviors such as food seeking induced by chocolate cues after repeated chocolate
sessions . These data may suggest the underlying brain mechanisms in different degrees
of motivation for food- or drug-induced seeking behaviors. In terms of mechanism, stress
condition provoked by fear learning ' was reported to escalate the BLA theta-gamma
PAC %°. DA release resulted from VTA GABAergic neurons modulation induced by the
prediction of positive reinforcement °? and stress condition ®! may increase this kind of
PAC in the BLA and NAcc, a brain located in the mesolimbic DA system *°. In addition,
the BLA reactivity was proposed as the overlap mechanism underlying the conditions that
responded to drug withdrawal and conditioned stressors exposures 2. Altogether, the
present PAC results might suggest possible changes in the brain circuits of memory and
cognitive functions induced by METH dependence. Moreover, these findings may provide
new information on LFP rhythmic oscillations in the BLA as evidence-based mechanisms
consistent with METH-induced neural plasticity, neuronal transmission, and the
transduction of intracellular pathways during METH dependence %%,



8. Conclusion of the METH CPP experiment

In summary, this study demonstrated the LFP spectral powers and PAC in the BLA
during the post-conditioning phase of METH CPP (Figure 17). These findings were
found in parallel with the induced METH CPP that could reflect the METH craving and
seeking behavior of mice in the CPP paradigm. These electrical brain signals in the BLA
are believed to support the process of learning association between METH effects and the
assigned environment paired with METH administration. These BLA LFP oscillations
might represent brain mechanisms that underlie drug craving and seeking behavior which
is crucial for finding and assigning novel drugs for dependence therapy.
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Figure 17 An overview of the key findings of the BLA LFP oscillations following METH
CPP induction
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The analysis of LFP signals in the BLA may be a more understandable mechanism
for rewarding behaviors induced by METH CPP, as provided in the abovementioned
discussions. It found that the capability to facilitate METH CPP may be partially involved
in the inability to control stress response, lowering 5-HT levels, and DA over-release.
Interestingly, kratom leaves extract could deal with these problems.

9. Kratom extract as a candidate drug for treatment METH CPP craving

Mitragyna speciosa (Korth.) Havil., commonly known as Kratom (KT), is a
medicinal plant of the family Rubiaceae and abundantly found in Malaysia and Thailand
6, 1t has been wildly used in folk medicines to cure many illnesses for several decades .
KT leaves contain varieties of indole alkaloids that have been isolated and chemically
identified such as mitragynine (MT), a major alkaloid, or 7-hydroxymitragynine (7-
HMT), a minor constituent. These molecules exert their functions partially via opioid
receptor activation in both peripheral and central organs %%°. Traditionally, KT leaves
consumption produces remedies for the mitigation of chronic musculoskeletal pain and
fatigue, attenuation of an inflammatory response, and reduction of diarrhea and mood
swings 7%"!. Recently, MT was found to reduce neuropathic pain in rats via a-adrenoceptor
mechanism 2.

Moreover, during the past decades, KT extract possesses its efficacy in various
aspects both centrally and peripherally to attenuate withdrawal symptoms in many abused
drugs as described in the following details.

9.1 KT extract and stress response

Excessive levels of COR can be detectable in depressed rats 7°. The forced
swimming test (FST) and tail suspension test (TST) are the paradigms widely used to
assess the antidepressant effect of novel substances. However, any drug that exhibits
hyperkinesia typically fails to have positive results in FST and TST " due to the reduced
period that both tests are immobile "°. In terms of therapeutic aspect, major alkaloid MT
accumulated in the KT leaves effectively attenuates COR-induced depression 7. In
addition, leave extract of KT also had no effects on locomotor activity *>7¢. These may
imply that KT leave extract could suppress COR-induced depressive symptoms.

9.2 KT extract and 5-HT levels

Biosynthesis of 5-HT originated from the dorsal raphe nuclei (DRn), the main site
activated by KT extract ’’. These effects may contribute to enhancing 5-HT in the nerve
terminals. Furthermore, fluoxetine (FLU) is a selective serotonin reuptake inhibitor
(SSRI) which leads to escalated extracellular 5-HT for an extended time in the synaptic
clefts "®. Previously, FLU and KT extract demonstrated positive results in ethanol
withdrawal symptoms "%, Altogether, these may indicate that KT extract may alter the 5-
HT on both activating 5-HT synthesis and mimicking SSRI properties.
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9.3 KT extract and anti-DA activity

The anti-DA activity of KT extract and its chemical constituents are apparently
seen in various organs. Although, the people with long-term KT consumption produce
darkening skin even if they remain indoors ®!. A classical investigation exposed that the
attenuation of a-melanocyte stimulating-like peptides release was accompanied by the
activation of dopamine type 2 (DA2) receptors on the pituitary gland ®2. From this result,
it is possible that KT extract could block DA2 receptors to show hyperpigmentation in
KT users. To support this effect, the MT also possesses its action via D A2 receptors
inhibition (54.22%) assessed by radioligand binding assay . The stimulation of the DA2
receptor predominantly seen in the vas deference increases this organ contraction.

However, the incubation of KT extract with the vas deference shows a reversed outcome
84

Altogether, all these data may be sufficient to support the hypothesis that KT
extract may be capable of attenuating METH craving induced by CPP.

10. Objective of the METH CPP experiment treated with KT leaves extract

This study was designed to examine and characterize the effects of KT leave
extract on rewarding behavior and electrical brain wave induced by METH CPP.

11. Materials and methods of METH CPP experiment treated with KT leaves
extract

11.1 Plant materials

Mature leaves of KT were collected from natural sources in Songkhla and Satun
provinces, Thailand. Plant materials were then identified by Assist. Prof. Dr. Niwat
Kaewpradub and stored at the herbarium in the Department of Pharmacognosy and
Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Prince of Songkla
University, Thailand, where a voucher specimen (no. PCOG/MS001-002) has been
deposited.

11.2 Preparation of crude alkaloid extract and phytochemical characterization

The extraction and isolation of KT alkaloid extract were performed as described
in previous study ® with the following modifications. In brief, KT leaves were cleaned,
dried at 45-50 °C, powdered, and macerated with methanol. The filtrate was evaporated
in vacuo. The residue was dissolved in 10% (v/v) acetic acid solution, filtrated, and
washed with petroleum ether, then made into alkaline (pH 9) with 25% (v/v) ammonia
solution and extracted with chloroform. The combined chloroform fractions were washed
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with brine solution and dried over anhydrous sodium sulfate. After evaporated to dryness,
the KT alkaloid extract was obtained with a yield of 0.25% (w/w) based on dried weight.
The authentic MT was isolated. The crude alkaloid extract was loaded on the top of the
silica-gel column eluting with CHCI3: MeOH (95:5). The structure of MT was identified
using spectroscopic methods (MS, IR, 1H NMR, and 13C NMR). The results were in
agreement with the data from previous investigations 3°:%¢. The MT purity was estimated
at approx. 98% pure.

The characteristic of the KT alkaloid extract was determined using the validated
HPLC method as described ¥7. The HPLC Shimadzu Prominence i 2030C (Kyoto, Japan)
connected with VertiSepTM USP C18 HPLC column (4.6x250 mm, 5 um; Vertical,
Bangkok, Thailand) was used. The column was eluted isocratically with 20 mM
ammonium acetate (pH 6): acetonitrile; 35:65 (% v/v). The flow rate was 1 mL/min. The
injection volume was 20 puL. The photodiode array detector-UV was set at 225 nm.

11.3 Animals

This investigation was carried out under the guidelines of the European Science
Foundation (Use of Animals in Research, 2001) and the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) for protecting animals used in scientific research. The
experimental procedures and protocols were approved by the Institute Animal Care and
Use Committee, Prince of Songkla University [project license number: MHESI
6800.11/845 and reference number: 57/2019]. Male Swiss albino ICR mice (7—8 weeks
old) were obtained from the Nomura Siam International Company, Bangkok, Thailand.
To minimize the stress in animals, all animals were handled for one week before the
beginning of the experiment at the Southern Laboratory Animal Facility, Prince of
Songkla University. The animals were individually housed in single stainless-steel cages
(17 x 28.5 x 17 cm) with the standard environmental condition (12/12 h light/dark cycle,
22 +3 oC, and 55 + 10% relative humidity). Commercial food pellets and water were

available ad libitum. All experiments were conducted between 8 a.m. and 4 p.m.
11.4 Drugs and chemicals

METH hydrochloride with a standard purity (95.8%) for research purposes was
provided by the Food and Drug Administration, Thailand. Moreover, 1 mg/kg METH
dissolved in 0.9% w/v NaCl was used for intraperitoneal (i.p.) injection. METH
concentration was selected according to the dose that definitely produced addictive
behavior in the same strain of mice ?>?°. The 40 (KT40) and 80 (KT80) mg/kg KT
alkaloid extracts and standard drug bupropion (BP) at 20 mg/kg (Sigma-Aldrich, St.Louis,
MO, USA) were diluted in 1%w/v of sodium carboxymethyl cellulose (CMC) solution
and administered orally (p.o). Intragastric administration was accomplished using a
smooth ball-tipped stainless steel gavage needle with a fixed volume per body weight of
mice at 10 ml/kg.
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11.5 Animal surgery for implanting the LFP electrodes

The process of intracranial electrode implantation was modified from the previous
study 223, At approximately four months after birth, mice with an initial body weight of
45.0 — 52.0 g were deeply anesthetized with intramuscular injection of a mixed solution
of 16 mg/kg xylazine hydrochloride (Xylavet, Sigma-Aldrich International GmbH,
Switzerland) and 50 mg/kg zoletil (Tiletamine — zolazepam, Vibac Ah, Inc., USA).
Animals' heads were then held with stereotaxic apparatus. Lignocaine (20 mg/ml)
(Lidocaine, M & H manufacturing Co., Ltd., Thailand), a local analgesic drug, was
applied subcutaneously before making the incision to the midline of the scalp on the
dorsal head. The skull was drilled for the electrodes to be stereotaxically positioned on
the left hemisphere of the brain, defined from bregma to the VTA (AP; -3 mm, ML; 0.5
mm; DV; 4.2 mm), HP (AP; -2.5 mm, ML; 2 mm; DV; 1.5 mm), and the NAc (AP; +1.3
mm, ML; 1.0 mm; DV; 4.2 mm) according to the mouse brain atlas **. The reference and
ground electrodes were implanted at the midline skull over the cerebellum (AP; -6.0 mm,
ML; 0.0 mm; DV; 1.5 mm). After that, holes were drilled for stainless steel screws as
anchors. All electrodes (0.381 mm diameter, coated) were secured in place for permanent
with dental acrylic (Unifast Trad, GC Dental Industrial Corp., Tokyo, Japan). The
antibiotic ampicillin (100 mg/kg) (General Drug House Co., Ltd., Bangkok, Thailand)
and carprofen (10 mg/kg) (Best Equipment Center Co., Ltd., Thailand) were administered
subcutaneously once a day for three days to prevent infection and alleviate pain,
respectively. The animals were allowed at least two weeks to recover from the surgery in
their separated cages fully.

11.6 CPP apparatus and paradigm

The equipment has been employed to evaluate condition-induced drug craving
behaviors in the CPP paradigm known as the CPP apparatus. The CPP apparatus in this
experiment was modified from the previous investigations *>%°, In brief, it was made from
plexiglass to have three rectangular compartments (25 cm x 18 cm x 25 c¢cm)
(compartments A, B, and C) arranged radially at 120° to each other. Each rectangular
compartment was accessible from a triangular zone located centrally. The compartments
had identical shapes and sizes but different floor textures and wall shading. The
ornamentation for floor texture and wall shading were designed in the following details,
respectively: A) medium rough, vertical strips; B) rough, grid strips; and C) smooth, black
color (Figure 18). Compartment C was a starting or neutral zone where individual
animals were placed and allowed to explore the CPP apparatus freely. The overall
schedule of drug administration was modified from the previous experiment *>?°, as
depicted in figure 18. Briefly, after habituation, the CPP paradigm mainly consisted of
three consecutive periods initiating from pre-conditioning to conditioning and post-
conditioning phases in sequence.
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11.6.1 Habituation and pre-conditioning phase

Mice were brought to a recording room for at least half an hour before the
initiation of the experiments. During the habituation (day 1 and 2) period, animals were
intraperitoneally injected with normal saline solution to attenuate the stress from the pain
of drug injection and then immediately placed in the starting zone. Next, they were
allowed to freely explore all CPP apparatus compartments for 15 min. During the pre-
conditioning phase (day 3), the animals were subjected to the same protocol of the
habituation period. The time animals spent in each compartment was recorded and
expressed as a CPP score. CPP score was calculated from the difference in time that each
animal spent in METH-paired and normal saline-paired compartment. Tossing a coin was
a method to randomly divide all mice into five groups defined as control, METH+CMC,
METH+KT40, METH+KT80, and METH+BP groups. Each group contained ten mice.
However, three n numbers of the METH+CMC and METH+KT40 group and two n
numbers of METH+KT80 and METH+BP groups showed an initial bias of side
preference. They spent more than 80% of the time in one compartment. Altogether, ten
mice were rejected from the CPP procedure after the pre-conditioning phase.

11.6.2 Conditioning phase

Animals were subjected to training sessions that took ten consecutive days (from
day 4 - 13) that began the day after the pre-conditioning phase. To trigger the addictive
behavior, mice were given intraperitoneal (i.p.) injection of 1 mg/kg METH and normal
saline solution on alternative days (odd and even days for METH and saline, respectively).
Animals were immediately confined to the assigned compartment for 30 min to learn to
associate the context of the unique condition of each compartment and the specific effect
of METH or saline injection. Animals in the control group were administered with normal
saline (both odd and even days) for pairing with all compartments. After the animals
completed the session each day, they were returned to their home cage.

11.6.3 Post-conditioning phase

The post-conditioning phase was taken on day 14 to evaluate the efficacy of KT
alkaloid extract and BP on the expression of METH CPP. 40 mg/kg KT (n = 7), 80 mg/kg
KT (n = 8), 20 mg/kg BP (n = 8) and 10 ml/kg 1%w/v CMC (n = 7) were administered
orally to the assigned groups of mice 60 min before CPP testing. After that, time spent in
each compartment was analyzed for CPP score.



26

0.9% w/v saline (i.p.) 1%w/v CMC
i_l_\: i L_: 40mg/kg KT
1 . H : 80 mg/kg KT

! 20 mg/kg BP

: : (p.0.)
|

&

.9% w/v saline (i.p.,

LFP electrode
implantation

i Odd day: day 5,7,9,11,13 [}

E Even day: day 4, 6,8, 10,12

.LFP signals & animal behaviors recordingg

The CPP score = spent time in drug-
minus saline-paired compartment

0.9% w/v saline or
1 mg/kg METH (i.p.

Habituation period
Pre-condition period
Post-condition period

Condition period

Figure 18 Experimental protocol for the investigation of KT alkaloid extract effects on
METH CPP. Animals were handled through the processes of surgery for LFP electrode
implantation into the brain and a recovery period of at least two weeks. Following the
habituation, the CPP paradigm consisted of three phases: habituation and pre-
conditioning, conditioning, and post-conditioning period scheduled on days 1-3, 4-13,
and 14, respectively. In the post-conditioning phase, animals were administered orally
with either two concentrations of KT alkaloid extract or standard drug bupropion (BP) 60
min before testing METH CPP and LFP patterns.

11.7 The processing of locomotor activity and LFP signals

During the pre-conditioning and post-conditioning phases, LFP signals and
locomotor activities of individual mice in the CPP apparatus were recorded simultaneously
for 15 min. For LFP signal processing, raw LFP signals were amplified and converted
from analog to digital data by Dual Bio Amp (AD Instruments, Castle Hill. NSW,
Australia) and a PowerLab 16/35 system (AD Instruments, Castle Hill. NSW, Australia)
with 16-bit A/D, respectively. Additionally, signals were harvested with 1.024 s duration
in sweeps, and the sampling frequency was 2 kHz. LFP signal analysis was processed
through 1-100 Hz band-pass digital filtering. Notch filtering at 50 Hz was deployed to
reject the noise from power line artifacts. For locomotor activity, a webcam mounted
vertically on the top of the CPP apparatus was used to capture and monitor the
spontaneous movement of animals. All data were stored on a PC through LabChart 7.3.7
Pro software for offline analysis.
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11.7.1 Locomotor activity analysis

Each video record of locomotor activities from an individual mouse deposited in a
PC was analyzed to evaluate the animal movement. The method was validated using the
open source toolbox OptiMouse ¢ to detect the translocation of the center position of the
animal body. The basic principle of animal detection was designed based on the contrast
between the black color of the background (floor & wall of the CPP apparatus) and the
white color of animals' bodies. The alternations of locomotor activity, tracking of animal
exploration, and time spent in each compartment of the apparatus during the assigned
period were the parameters to be specifically focused on.

11.7.2 LFP signal analysis

PSD values were computed from LFP raw data stored in the LabChart software
using the Hanning window cosine transform function with 50% window overlap and
0.976 Hz of power spectra resolution. The analysis of frequency power was processed by
using the FFT algorithm and expressed in powers of the frequency domain in 6 discrete
frequency bands, which included delta (1.0-3.9 Hz), theta (4.7-8.7 Hz), alpha (9.8—12.7
Hz), beta (13.6-29.3 Hz), low gamma or gamma I (30.0-44.9 Hz), and high gamma or
gamma II (60.5-95.7 Hz). Data were normalized as percent relative powers of a particular
frequency range (P(p) by the following equation;

Ppat Post-condition - Ppat Pre-condition

% Relative power = x100

P(f)at Post-condition + P(f)at Pre-condition

For coherence analysis, the values were obtained by running raw data via toolbox
Brainstorm3 37. Then, data were normalized as percent relative coherence to quantify the
strength of signal communication between 2 separate brain regions in particular
frequency (C(p) according to the provided equation;

Cpat Post-condition - Cpat Pre-condition

% Relative coherence = x100

C(f)at Post-condition + C(f)at Pre-condition

11.8 Statistical analyses

All parameters were analyzed and illustrated as mean + Standard Error Mean
(SEM). For locomotor activities and CPP scores, a two-way repeated analysis of variance
(ANOVA) was used to determine the influence of an interaction between two factors
(Treatment x Condition), followed by a post hoc Bonferroni test for multiple comparisons.
Conditioning states were used as within-subject factors, and with or without METH
treatment were considered as inter-subject factors were defined as treatment. The rest of
the parameters from considered brain regions induced by drug treatment with statistically
significant output were specified using one-way ANOVA in comparison to data of the
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control condition. Different symbols were used to indicate significant differences at
p<0.05 according to Tukey's post hoc. Multiple comparisons were performed for data
expressed in %relative power and %relative coherence. All data were analyzed using the
temporarily available software GraphPad 7.0 (Graphpad Software, Inc., USA).

12. Results of the METH CPP experiment treated with KT leaves extract
12.1 Animal movement and Locomotor activity

The spontaneous movement of each animal was recorded for 15 min for both the
pre-conditioning and post-conditioning phases. Videos that captured mice exploration in
the CPP apparatus were next analyzed and displayed for locomotor tracking patterns,
velocity parameters, and time spent in each compartment. Locomotor speeds of each
group were averaged with one min-bin and illustrated (Figure 19A). The results revealed
relatively higher speed during the first 5 min and slowed down movement after that. To
avoid movement-related effects on LFP signal generation, the analysis of averaged speed
during 15 min of data recording was next performed. The results found no alternation of
speed in pre-conditioning and post-conditioning phases in all treatments. Two-way
repeated measures ANOVA also confirmed a non-significant difference of locomotor
speed among groups [F(4, 35) =0.152, P=0.961] and between pre-conditioning and post-
conditioning phases [F(4, 35) = 0.475, P = 0.754] (Figure 19B).
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Figure 19 Locomotor activity of mice during pre-conditioning and post-conditioning
phases of the control group (n=10) and METH groups treated with solvent METH+CMC)
(n=7), 40 mg/kg KT alkaloid (METH+KT40) (n=7), 80 mg/kg KT alkaloid
(METH+KT80) (n=8), and a standard drug bupropion (BP) (METH+BP) (n=8), Mean
values of locomotor speed in each group were calculated every 1-min bin (A). Averaged
speed during a 15-min of exploration in the CPP apparatus was analyzed (B).

12.2 CPP Score

The effects of KT alkaloid extract and BP were measured during the expression of
METH CPP. Data were analyzed as locomotor tracking patterns and CPP scores.
Representative locomotor tracking of 5 groups was shown in comparisons between
different treatments and between pre-conditioning and post-conditioning phases (Figure
20A). During the pre-conditioning phases, all five groups explored and visited all three
compartments relatively equally. During the post-conditioning period, control animals
maintained the same pattern exploring all three compartments equally, whereas the
METH+CMC group clearly preferred to visit neutral and METH -paired compartments
more than the saline-paired compartment. METH+KT40 group also visited the saline-
paired compartment less than the control group but more than the METH+CMC group.
However, normal patterns were found in the METH+KT80 group which animals visited
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all three compartments equally. Unexpectedly, the METH+BP group clearly preferred the
METH-paired compartment more than the other two compartments.

Therefore, CPP scores were statistically analyzed (Figure 20B). Two-way
repeated measures ANOVA revealed significant effects of condition [F(4, 35) = 34.576, P
< 0.001], treatment [F(4, 35) = 4.545, P = 0.005] and treatment x condition interaction
[F(4, 35) = 6.486, P < 0.001]. Multiple comparisons using a post hoc Bonferroni test
indicated significant in CPP scores during post-conditioning phase in METH+CMC (P =
0.002), METH+KT40 (P = 0.001) and METH+BP (P < 0.001) but not METH+KT&80
group compared with pre-conditioning score of each group. In comparisons among groups
during post-conditioning phase, significant increases in CPP score were seen in
METH+CMC (P = 0.001), METH+KT40 (P < 0.001) and METH+BP (P < 0.001) but not
METH+KTS80 group compared to control level. Interestingly, addiction-related mice
treated with KT80 (METH+KT80) significantly attenuated the CPP score as compared to
the post-conditioning phase of the METH-+CMC group (P < 0.001). These data confirmed
that METH at 1 mg/kg significantly produced addictive behaviors. However, 80 mg/kg
KT significantly ameliorated METH CPP in mice, whereas a standard drug BP at 20
mg/kg failed to suppress the CPP score.
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Figure 20 Locomotor tracking of animal exploration in CPP apparatus during pre-
conditioning and post-conditioning phases. Each group's locomotor tracking of
representative animals was shown for comparison (A). Data of time spent in a specific
compartment were calculated and expressed as CPP scores for statistical analysis for the
effects of 40 mg/kg KT alkaloid (METH+KT40) (n=7), 80 mg/kg KT alkaloid
(METH+KTR80) (n=8), and a reference drug BP at 20 mg/kg (METH+BP) (n=8),
compared to that treated with vehicle (METH+CMC) (n=7) (B). CPP scores were
calculated by subtracting the time that mice spent in the METH-paired zone from the time
spent in the saline-paired zone. Data were expressed as mean £ SEM. **, *** p<(.01,
0.001 for significant analyses using two-way repeated ANOVA followed by post hoc
Bonferroni test for multiple comparisons between pre-conditioning and post-conditioning
phases. TTP<0.01, +11P<0.001 compared with the post-conditioning phase of the control
group. §P<0.05, §§§P<0.001 compared with the post-conditioning phase of the
METH+CMC group.
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12.3 LFP oscillation in the VTA, HP, and the NAc

Visual inspection was performed to overview the oscillations of raw LFP signals
(Figure 21). The effects of KT alkaloid extract and BP on LFP patterns in the VTA, HP,
and the NAc during METH CPP were illustrated. In the HP and the VTA, relatively
similar patterns of LFP oscillation were seen among groups during the pre-conditioning
and post-conditioning phases. General patterns in the NAc were identical among groups
during the pre-conditioning phase. Therefore, the patterns appeared to be different during
the post-conditioning phase, in which additional fast wave activity was superimposed in
METH+CMC and METH+BP groups.
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Figure 21 Raw LFP signals of representative mice from each group during pre-
conditioning (left panel) and post-conditioning (right panel) phases of control and METH
groups treated with vehicle (CMC), 40 mg/kg KT alkaloid, 80 mg/kg KT alkaloid, and 20
mg/kg BP. Raw signals were recorded from the ventral tegmental area (VTA), the
hippocampus (HP), and the nucleus accumbens (NAc).
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12.3.1 VTA powers

Therefore, raw LFP signals in the VTA during post-condition in the time domain
were computed and transformed into LFP power spectra (%Relative power) in the
frequency domain. A high fluctuation can be detected at a frequency lower than 20 Hz
(Figure 22A). When the statistical analyses were performed. It was exposed that
significant alteration apparently seen in the delta [F(4, 35) = 7.098, P <0.001] and gamma
I [F(4, 35)=6.088, P=0.001]. Under the delta power values, post hoc comparison
showed the well increases in METH+CMC (P = 0.003) and METH+BP (P = 0.043) but
this effect was neutralized by KT80 treatment (P = 0.001). A significant change in gamma
I was observed only in the METH+BP group (P < 0.001) (Figure 22B).

(A)

- Control

<+ METH+CMC

<+ METH+KT40
METH+KTS80
METH+BP

“Relative power

T I =
FrI4ETRE
nr

i
D 7
- |
=il il

]

\
i

Tk T ¥ -
LT ITIALL e
TG,

0 10 20 30 40 50 60 70 80 90 100

Frequency (Hz)
(B) 80 I Control
W METH+CMC
* Il METH+KT40
6oq T 1 O METH+KTS0
o O METH+BP
o (o |

409

*

JT ED !lﬁz.é IT.L.? !.T..T..:.El !iﬁ[l ey

Delta Theta Alpha Beta Gammal  GammalIl

% Relative power

<

Figure 22 Effects of the treatments with KT alkaloid extract on LFP spectral powers in
the VTA. Animals were treated with KT alkaloid extract (40 and 80 mg/kg) and BP (20
mg/kg). Data were normalized as percent relative power (A). LFP spectral powers were
divided into powers of 6 discrete frequency bands (B). All data were expressed as mean =+
SEM and statistically analyzed using one-way ANOVA followed by Tukey’s post hoc test.
*P<0.05, **P<0.01, ***P<0.001.
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12.3.2 HP powers

In the HP, the LFP power spectra of these five groups were shown for comparison.
Dramatical differences among groups appeared in slow frequency activities below 20 Hz
(Figure 23A). Relatively equal powers were seen for higher frequency waves. One-way
ANOVA revealed significant differences only in delta wave [F(4, 35) = 10.660, P <
0.001]. Multiple comparisons confirmed significant increases in delta power seen in
METH+CMC (P =0.001) and METH+BP (P = 0.003) groups compared to that of control
group (Figure 23B). Interestingly, this elevated delta power seen METH+CMC group
was significantly suppressed by the treatment with both 40 mg/kg (P = 0.001) and 80
mg/kg (P <0.001) KT alkaloid extract. Altogether, KT extract prevented the increase in
delta power induced by METH-conditioning. This LFP pattern in the HP was positively
correlated with the data of CPP scores that might reflect the attenuation effect of the
extract on the intensity of METH CPP.
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Figure 23 Effects of the treatments with KT alkaloid extract on LFP spectral powers in
the HP. Animals were treated with KT alkaloid extract (40 and 80 mg/kg) and BP (20
mg/kg). Data were normalized as percent relative power (A). LFP spectral powers were
divided into powers of 6 discrete frequency bands (B). All data were expressed as mean +
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SEM and statistically analyzed using one-way ANOVA followed by Tukey’s post hoc test.
**P<0.01, ***P<0.01.

12.3.3 NAc powers

NAc power spectra of control, METH+CMC, METH+KT40, METH+KT80, and
METH+BP groups were shown for comparison (Figure 24A). Statistical analysis
confirmed significant differences found in delta [F(4, 35) = 4.458, P = 0.005], theta [F(4,
35) =5.194, P=0.002], alpha [F(4, 35) = 3.306, P =0.021], gamma I [F(4, 35) = 11.547,
P <0.001], and gamma II [F(4, 35) =5.512, P =0.002] bands (Figure 24B). Tukey's post
hoc analysis indicated a significant increase in gamma I (P = 0.001) and a decrease in
gamma II (P = 0.012) induced by METH conditioning. However, 80 mg/kg KT alkaloid
extract significantly reversed the increased gamma I power (P = 0.033). No significant
difference was seen among the control, METH+KT40, and METH+KT80 groups for
gamma [ and II. It was noted that METH+KT80 group significantly produced opposite
effects to that of METH+CMC in delta (P = 0.002), theta (P = 0.001), and alpha (P =
0.015) bands. Moreover, the METH+BP group produced significant differences from
control levels in gamma I (P < 0.001) and gamma II (P = 0.001). The standard drug BP
failed to reverse the effects of METH conditioning seen in gamma I and II powers of the
METH+CMC group.
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Figure 24 Effects of the treatments with KT alkaloid extract on LFP spectral powers in
the NAc. Animals were treated with KT alkaloid extract (40 and 80 mg/kg) and BP (20
mg/kg). Data were normalized as percent relative power (A). LFP spectral powers were
divided into powers of 6 discrete frequency bands (B). All data were expressed as mean =+
SEM and statistically analyzed using one-way ANOVA followed by Tukey’s post hoc test.
*P<0.05, **P<0.01, ***P<0.001.

12.4 Activities of the coherences

The effects of KT alkaloid extract and BP on coherence activity among the VTA,
HP, and the NAc during the post-conditioning phase were analyzed and compared among
groups. Data were expressed as percent relative coherence in the frequency domain
(Figures 25, 26, and 27).

12.4.1 Coherence in the VTA-HP axis

Spectral coherences were analyzed over 100 Hz, and dominant oscillation in
various frequencies was seen (Figure 25A). However, it remained to be confirmed
statistically. The results revealed that significant changes found in the alpha [F(4, 35) =
13.558, P <0.001], gamma I [F(4, 35) =2.793, P=0.041], and gamma II [F(4, 35) =
4.550, P=0.005] coherences. Tukey's post hoc comparison exhibited the suppression in
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alpha coherence in METH+CMC (P = 0.006) and METH+BP (P = 0.008) mice.
Interestingly, this predisposition was rescued in the METH+KT80 group (P < 0.001).
Reaching the significant increase and decrease was produced by METH+BP and
METH+KT40 in gamma I (P = 0.029) and gamma II (P = 0.006) coherences, respectively
(Figure 25B).

(A) P

S04 <+ METH+CMC
+ METH+KT40
METH+KT80

METH+BP

“%Relative coherence

0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)
(B) I Control
Bl METH+CMC
Il METH+KT40 i
404 O METH+KT80 L
1 METH+BP

209

by TTTT “ o Wl T

Delta 'l‘hcta Alplm Bcta (:amma I (}ammal 11

% Relative coherence
—]

20+

Figure 25 Effects of the treatments with KT alkaloid extract on LFP spectral coherence
between the VTA and the HP in the frequency domain (1 — 100 Hz). Animals were treated
with KT alkaloid extract (40 and 80 mg/kg) and BP (20 mg/kg). Data were normalized as
percent relative coherence and expressed as mean + SEM (A). Data of each group were
averaged in 6 discrete frequency bands (B). Statistical analyses were performed using
one-way ANOVA followed by Tukey's post hoc test. * P<0.05, **P<0.01, ***P<0.001.

12.4.2 Coherence in the VTA-NAc¢ axis

Coherences were processed and exhibited a relatively high fluctuation from 30 —
50 Hz approximately (Figure 26A). To confirm this phenomenon, a statistical assessment
was done. The data indicated a significant change in gamma I [F(4, 35) = 9.934, P <
0.001] coherence. Multiple comparison tests specified that mice in METH+CMC (P =
0.022) and METH+BP (P < 0.001) produced a remarkable increase in this parameter.
However, this was reversed by the remedy with KT80 (P =0.031) (Figure 26B).
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Figure 26 Effects of the treatments with KT alkaloid extract on LFP spectral coherence
between the VTA and the NAc in the frequency domain (1 — 100 Hz). Animals were
treated with KT alkaloid extract (40 and 80 mg/kg) and BP (20 mg/kg). Data were
normalized as percent relative coherence and expressed as mean = SEM (A). Data of each
group were averaged in 6 discrete frequency bands (B). Statistical analyses were
performed using one-way ANOVA followed by Tukey's post hoc test. *P<0.05,
**%p<0.001.

12.4.3 Coherence in the HP-NAc axis

In the HP-NACc axis, the results showed obvious differences in coherence activity,
mostly in a frequency range approximately between 30 — 50 Hz (Figure 27A). Therefore,
statistical analyses revealed significant differences only in gamma I band [F(4, 35) =
9.934, P <0.001] (Figure 27B). Tukey's posthoc test confirmed significantly increased
coherence values in the gamma I band of the METH+CMC group (P = 0.022). However,
this increased coherence was significantly reversed only by treatment with KT80 (P =
0.031). No such effect was produced by treatment with BP, a standard drug for METH
withdrawal treatment. Instead, the METH-+BP group dramatically enhanced the coherence
activity in the gamma I band compared to the control (P <0.001). The increased coherence
produced by BP treatment was even further than in the METH+CMC group.
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Coherence reactivities in the VTA-HP-NAc loop during METH CPP expression
(Figure 28A) and KT treatment (Figure 28B) compared with control and METH+CMC
groups, respectively, were provided in Figure 28.
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Figure 27 Effects of the treatments with KT alkaloid extract on LFP spectral coherence
between the HP and the NAc in the frequency domain (1 — 100 Hz). Animals were treated
with KT alkaloid extract (40 and 80 mg/kg) and BP (20 mg/kg). Data were normalized as
percent relative coherence and expressed as mean + SEM (A). Data of each group were
averaged in 6 discrete frequency bands (B). Statistical analyses were performed using
one-way ANOVA followed by Tukey's post hoc test. *P<0.05, ***P<0.001.
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Figure 28 Schematic diagrams of integrated coherence activity among the VTA, HP, and
NAc during METH CPP expression (A) and after KT extract administration (B). Solid
and dashed lines represent significant increases and decreases, respectively.

13. Discussion of the METH CPP experiment treated with KT leaves extract

The effects of KT alkaloid extract and BP were measured during the expression of
METH CPP. The present study highlighted that KT extract prevented METH CPP and
changes in LFP oscillations induced by METH conditioning. At 80 mg/kg, KT alkaloid
extract exhibited significant effects on all parameters, suggesting its efficacies on both
physical and mental symptoms. CPP score reflects drug craving and seeking behaviors. In
contrast, neural signaling induced during the post-conditioning phase suggests the brain
mechanism underlying withdrawal symptoms.

Several mental disorders, including depression and anxiety, were detected during
METH and ethanol withdrawal periods '*-3% Thus, potential substances for drug
addiction treatment need to be determined whether they have CNS action with anti-
depressive and anxiolytic effects. Previously, KT alkaloid extract was found to produce
an LFP pattern and effectively attenuate the severity of ethanol withdrawal symptoms,
similar to the standard antidepressant drug fluoxetine ’°. KT aqueous extract also
attenuated ethanol withdrawal-induced depressive behavior, probably through its
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antidepressant-like activity *%. Therefore, KT alkaloid extract and BP were hypothesized
to treat METH dependence in this CPP paradigm effectively.

Changes in behavior, emotion, learning, and the cognitive process are typically in
response to DA depletion. In this study, the antidepressant BP was deployed as a reference
drug to compensate for DA depletion induced by METH exposures. BP was used to cure
METH-dependent patients as a DA transporter (DAT) inhibitor and increased DA
concentration in the synaptic cleft for more robust receptor activation %°. It was also
expected to improve depressive symptoms and mood swings during METH withdrawal
period °°. However, the present data showed that BP did not prevent or attenuate
behavioral change and neural signaling induced METH conditioning. This may be
discussed regarding the METH concentration used for the CPP paradigm. Previously, side
preference in the CPP paradigm caused by METH at 0.125-1.0 mg/kg was diminished by
pretreatment with high dose METH that would induce neurotoxicity and decrease DA
level in the striatum (STR) °!. The dose of METH at 1.0 mg/kg in the present study was
not likely to produce DA deficiency. It is possible that treatment with the DAT blocker
could elicit excessively long-lasting overstimulation on DA receptors in the METH+BP
group, as seen in CPP scores and LFP oscillatory patterns. Taken together, the alterations
of parameters during the post-conditioning phase might partially be mediated through
modulation in the DA system. Moreover, the present findings were consistent with a
previous report that the other DAT blocker, methylphenidate (MTPD), also failed to
produce beneficial results in treating amphetamine/METH dependence °. These data may
suggest that DAT blockers (e.g., BP and/or MTPD) may be carefully used only in specific
conditions of METH dependence. Aside from these aspects, BP is also reported as a novel
substance inhibiting VTA GABAergic interneuron *3, a common mechanism with
morphine action °'. This may be another season for explaining why BP treatment could
not cure METH CPP in this experiment.

The expression of METH CPP has been found in response to a memory-associated
cue of METH exposures. Any drugs that alter animal movement could have some impact
on CPP outcomes. Apart from affecting the CPP score, the fluctuation of animals'
locomotor activity was also found to interfere with LFP signal generation and oscillation
3994 Therefore, it was necessary to exclude this confounding factor. Previous data
revealed that 80 mg/kg KT alkaloid extract per se did not alter the animal’s locomotor
activity *. It means that the KT alkaloid extract at this concentration was clearly effective
on METH CPP and clean from disturbance produced by the motor activity of mice.

In traditional use, whole alkaloid constituents of KT are ingested by chewing and
drinking tea from KT leaves. KT alkaloid extract, prepared in this study, had 47.1 mg MT
per gram extract and was administered orally to the mice. The phytochemical analysis
confirmed the presence of MT as a major alkaloid in the KT extract, which agrees with
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the previous investigation 3. It has been reported that lyophilized tea (containing 25 mg/g
MT) exhibited better oral bioavailability than feeding with MT alone *°.

Previously, KT extract's toxicity profile has been intensively investigated *¢%8. To
determine the effective doses, preliminary tests were performed. The doses found to
attenuate CPP scores by more than 50% obviously were remarkably lower than the LC50
dose 7®. Moreover, KT extract was proposed to induce CPP, the sign of addiction only at
higher doses (>500 mg/kg, p.o.) 26 or containing MT at 10 mg/kg °°. A large margin
among effective (containing 3.8 mg/kg MT), lethal, and CPP doses suggest a safe use of
the KT extract in attenuating METH dependence. Additionally, the doses of the KT
extract selected followed the KT concentration that had beneficial effects in the treatment

of morphine dependence *.

The CPP paradigm is a standard model routinely used to screen drug candidates or
herbal extracts on addictive substances-induced reward behaviors in experimental
animals. Various psychostimulant drugs such as METH, amphetamine, and cocaine were
used as positive substances that produced addictive behaviors 222>2728_ CPP is a form of
Pavlovian conditioning used to measure the motivational effects of learning experiences
190 Pairing repeated drug use with a specific environment is believed to link with the
conditioning context in the drug's delivery. They were allowing animals to re-expose with
drug-related context after the condition development can trigger craving behaviors.
Animals were found to spend more time in an environment with contextual cues and
addictive drug delivery. The present study clearly showed the high CPP score of the
METH+CMC group during the post-conditioning phase. This phenomenon appeared to
have underlying mechanisms in many brain regions, including the VTA, HP, and the NAc
functioning together as neural networks '°1719 Previously, reward-seeking behavior
driven by the modulation of the VTA-NAc, VTA-HP, and the HP-NAc axes has also been
proposed 101104105

LFP spectral powers have been extensively analyzed as quantitative data for
screening unidentified new drug compounds compared to standard drugs with known
CNS action %7, With repeated exposure to METH learning sessions, VTA delta power
was enhanced. METH+KT80 mice apparently reversed this. The mechanism underlying
this phenomenon may be partially involved in the function of VTA GABAergic
interneurons. Previous evidence proposed that the lowering activities of the VTA
GABAergic neurons moderately correlated with delta power escalation '°°. Micro-
infusion of BP directly to the VTA ?* and a response to reward predicting stimuli 2
appeared to reduce GABAergic neurons working. This eventually enhances DA release in
nerve terminals (e.g., NAc, HP). To rescue the activity of this kind of neuron, KT80 was
thus added. Inactivation of NMDA receptors by its antagonist located on the GABAergic
neurons would finally enhance DA release and produce hyperactivation of DA2 receptors
accompanied by social interaction impairment '°7. Impressively, this abnormal behavior
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was attenuated by pre-intervention with KT extract 34. This may imply that KT extract
may increase GABAergic neurons' activity via agonistic effects on the NMDA receptors.

Following multiple exposures to METH sessions, significant changes in delta
oscillation in the HP were also highlighted. METH-induced considerable increase in HP
delta power was consistent with the previous findings ¢’. The olfactory cue of palatable
food was found to increase delta power in the CA1, the sub-area of the HP '°. HP delta
activity was associated with memory encoding through neocortical hippocampal crosstalk
in animals '° and !%°. Delta oscillation in the HP was hypothesized to be part of neural
mechanisms related to cognition and motivation. Changes in delta oscillation can be seen
in humans responding to emotional stimuli ''° and processing reward-related conditions
67 However, KT alkaloid extract treatment significantly reversed the enhanced HP delta
power in this experiment. This result may partially be the outcome of the CNS action of
KT alkaloid extract on the hypothalamic-pituitary-adrenal (HPA) axis. The HP is an
important brain region that regulates stress response via the HPA axis modulation !,
Having to face emotional stress during the post-conditioning phase would result in drug
craving behaviors and COR secretion *¢. These stress responses, especially the HPA axis
hyperreactivity and forced swimming-induced COR secretion were reduced by the
treatment with MT, a potent alkaloid from KT leaves 7. Moreover, MT was able to
suppress low-frequency rhythms in the HP, including delta, and fix the CPP score
remaining in the normal state ®’. These findings may suggest the alternative mechanism
that the HP delta rhythm reflects the brain mechanism of motivation for METH-seeking
behavior. With the mechanism of MT, KT alkaloid extract, which contains MT as a major
alkaloid constituent, would reduce stress, CPP score, and neural signaling patterns
induced during METH post-conditioning phase.

The present experiment induced the increased gamma I LFP power in the NAc
and CPP scores by METH contextual cue. However, these parameters were significantly
ameliorated by the treatment with 80 mg/kg KT alkaloid extract. The activity of the
gamma | frequency range in the NAc is believed to be related to DA release and addiction.
Essentially, opioid receptor activation by its agonists such as a significant KT alkaloid
composition MT or even morphine, a standard addictive drug, in the VTA was found to
promote the over-release of DA and increase gamma I in the NAc. However, these
phenomena were abolished by pretreatment with naloxone, an opioid receptor blocker *°.
A psychoactive substance such as pseudoephedrine was demonstrated to have sites of
action in the DA pathway's NAc and STR '*. Amphetamine and METH also activate gene
expression in the mesolimbic/mesostriatal pathways via DA1 and DA2 receptors 2.
Previously, the DRn was an origin of 5-HT projections that inhibit DA nigrostriatal
neurons 3. A previous report confirmed that the DRn was activated by KT extract 7/,
resulting in decreased DA release in the NAc because the NAc is a significant component
of the ventral STR %, Additionally, the involvement of the anti-DA mechanism from
methanolic extract of KT leaves evaluated by measuring the DA level in the NAc was
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also evidenced ''°. Aside from the lowing of DA release affected by DRn activation from
KT extract, the partial effects may result from mimicking the NMDA receptor's agonistic
action of KT extract, as mentioned . Thus, KT extract might alleviate withdrawal
symptoms and decrease gamma I activity via reduced DA release in the NAc as a
mechanism. Another extract from Morinda citrifolia Linn. that possess anti-DA activity
also found to alleviate METH CPP and drug abuse-induced craving behaviors 2>116:117,

The present study showed the decreases in gamma II oscillation in the NAc during
the post-conditioning phase only in METH+vehicle and METH+BP groups. A wide range
of gamma 1II activities in the NAc has been evidenced 3%!!8, A palatable food cue-induced
gamma II oscillation in CPP paradigm ''®. This frequency band activity may be associated
with brain mechanism that supports seeking behavior driven by CPP. Moreover, the
positive correlation between gamma II oscillation and neuronal coding of movement was
also reported *. The present CPP data clearly demonstrated that KT alkaloid extract at the
effective dose did not induce a spontaneous psychoactive effect. This was consistent with
the previous report that 80 mg/kg KT alkaloid extract did not alter the motor activities *.
Altogether, these findings partially proposed the attenuation effects of KT alkaloid extract
on METH-induced addiction through DA modulation. Gamma I and II oscillations were
sensitive to METH repeated exposures and treatment with KT alkaloid extract but not BP.

The regulation of each behavior may involve multiple brain areas functioning in
coordination. The interrelationship of the VTA-HP-NAc loop was believed to mediate
drug-related cue-induced seeking behaviors °:19105 Coherence analysis, a mathematical
algorithm, was used to measure the strength of neural connection to assess the
communication between separate brain regions following drug treatment. The present
data revealed that the METH+CMC group increased both percent relative coherence in
the gamma I frequency range in the VTA-NAc axis and CPP score. However, 80 mg/kg
KT alkaloid extract reversed this coherence activity entirely. Previously, gamma I
coherence in this axis was produced dose-dependent from morphine administration *°. It
may involve morphine-induced hyperpolarization of DA neurons projecting from the VTA
to the NAc via the modulation of VTA GABAergic interneurons °!. Impressively, the
predisposition of these interneurons would be neutralized with KT80 treatment by
mimicking NMDA receptors agonist 54,

Alpha coherence in the VTA-HP axis decreased during METH CPP expression, a
phase fulfilled with stress response *¢. Impressively, this was rescued by the KT80
remedy. Disruption of coherence synchronization in various frequency bands (e.g., alpha)
in the region connected with the HP can be seen during stress exposure ''°. Moreover, it
reduced GABAergic activities '>%!?! and enhanced the release of excitatory
neurotransmitters in the HP (e.g., glutamate (GLU), DA, or norepinephrine) !2>!23
produced by the stressors. Interestingly, MT, a significant constituent accumulated in the
KT80, was found to suppress COR release and the symptoms of stress-induced
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depression-like behaviors 7°. Hence, this may imply that a change of alpha coherence in
the VTA-HP axis may involve a stress response.

The METH+CMC group in the HP-NAc axis also saw an increase in gamma I
coherence. The KT80 administration reversed this. Previously, the HP was demonstrated
to contain a neuronal population of place cells that selectively burst in response to specific
spatial contexts '2*. This evidence-based finding strongly suggests HP's involvement in
processing spatial navigation '2°. With the coherence activity, signaling information could
be sent through the projection from the CA1 region of the HP to the NAc '?°. The analysis
of the firing rate confirmed that place cells in the HP fired preferentially before reward-
related neurons in the NAc. This finding indicated that place-reward information was
carried from the HP to the NAc '?7. Ultimately, the interaction between the HP and the
NAc also plays a significant role in CPP acquisition !*®. This may be associated with
processing information in decision-making and reinforcement-based learning '2°. The
underlying mechanism of these changes may be partially related to the GLU NMDA
receptor's control activity. Ketamine, a GLU receptor antagonist, induced gamma
functional connectivity enhancement, was proposed to be targeted for treating
schizophrenia *°, a common symptom produced by drug abuse '*!. Increased GABA,
GLU, DA releases, and escalated CPP scores were accompanied by ketamine application
107.132.133 ‘These alterations were reversed by KT80 treatment as it mimicked the action of
NMDA receptors agonist clozapine . This study suggests that the elevated CPP score
and coherence in the gamma I frequency range were triggered by the neural signal of the
METH-associated cue sent from the HP to the NAc. Therefore, KT80 treatment may help
attenuate METH dependence and reduce the inter-region connectivity.

14. Conclusion of the METH CPP experiment treated with KT leave extract

In summary, the present study proposed beneficial effects of 80 mg/kg KT alkaloid
extract for the treatment of METH dependence. The data from the CPP paradigm revealed
that the extract successfully reversed METH CPP scores. This would suggest the KT
plant's therapeutic property in treating abnormal behaviors induced by METH
dependence. Moreover, the analyses of LFP power spectra and coherence also provided
additional data for a better understanding of possible brain mechanisms of KT alkaloid
extract in the attenuation of METH CPP (Figure 29). Taken together, these findings
strongly suggested that the KT alkaloid extract has promising effects for further
development as an alternative compound for possible use in METH-addicted patients.
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Significant findings in summary

The BLA theta and alpha power desynchronizations and the BLA theta-gamma
coupling may underly the brain mechanisms that responded to METH abstinent induced
by the CPP paradigm. These may be important in drug discovery research to design and
select the drugs for METH CPP therapy. From these findings, the effects of KT leave
extract were hypothesized to deal with the aberrations of animal behaviors and brain wave
oscillations. The confirmation was performed and exposed the neural signaling in the
brain-related addicted behaviors in response to the attenuation of METH CPP cured with
KT leave extract. KT leave extract ameliorated METH-induced CPP by decreasing power
in the VTA delta, HP delta, NAc gamma I and alleviating coherence in the VTA-HP alpha,
VTA-NAc gamma I, and HP-NAc gamma I. A wholly evidence-based study may provide
additional data to support the development of KT leave extract as a standardized
alternative drug for METH craving and seeking remedies.
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Further direction

The effects of environment associated with drugs as the factor to motivate
addiction-related behaviors in the CPP paradigm has been tested. However, these factors
are also divided into two subtypes: alive and inanimate factors. This experiment has
already conducted the effects of KT extract on inanimate factor induced CPP. Therefore,
in further studies, the effects of KT extract might be determined whether it can suppress
addiction-related behaviors induced by alive factors. To confirm this hypothesis, various
experimental techniques such as microdialysis, immunohistochemistry staining, and
western blotting might be integrated to precisely reach the exact mechanisms of KT leave
extract in METH addiction treatment.
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The basolateral amygdala (BLA) plays a crucial role in conditioned place preference (CPP) for addictive drugs.
However, neural signaling associated with methamphetamine (METH) craving and seeking remained to be
investigated. This study characterized local field potential (LFP) oscillatory patterns in the BLA and conditioned
place preference induced by METH-related context. Male Swiss albino ICR mice were deeply anesthetized for LFP
intracranial electrode implantation in the BLA. Control and METH groups received sessions to learn to associate
saline-paired and METH-paired compartments of the CPP apparatus with saline and METH injections, respec-
tively, for 10 days. LFP signals and exploring behavior were recorded simultaneously during pre- and post-
conditioning phases. Time spent in METH-paired compartment was normalized and expressed as CPP scores.
Fast Fourier Transform (FFT) algorithm was used to analyze LFP powers of 8 discrete frequency ranges (delta,
theta, alpha, beta, gamma I-IV). During post-conditioning phase of METH CPP with METH cues, statistical
analysis revealed that METH group significantly increased time spent in METH-paired compartment. Significant
suppressions of theta and alpha powers were observed. Phase-amplitude cross frequency coupling analyses
confirmed significant increases in maximal modulation index (MI), frequency for phase of slow wave and MI of
theta-gamma II coupling. Taken together, LFP oscillation in the BLA was sensitive in association with METH CPP.
These research findings might suggest the underlying mechanisms of drug reward learning and adaptive changes
in the BLA in acquisition of METH CPP and dependence.

1. Introduction (CMA) or basolateral nuclei (BLA) [3].
Neural processing in the BLA is related with reward learning and
addiction [4]. Previously, permanent BLA lesion disrupted the effect of

conditioned-cued reinstatement in cocaine self-administration. The

The mesolimbic dopaminergic (DA) system with DA cell bodies
located in the ventral tegmental area (VTA) is known to play a crucial

role in addictive functions and pleasure behaviors. Fundamentally,
several brain regions including the medial prefrontal cortex (mPFC),
nucleus accumbens (NAc), hippocampus (HP), and the amygdala (AMY)
are primarily innervated by DA pathways from the VTA [1]. In human,
emotion and cognition were interrelated with neural processing from
the AMY [2]. However, the feature of the AMY is not a complete single
unit. Apparently, it comprises sub-regions e.g. the centromedial nuclei

attenuation of reinstatement was observable in a classical interference
method that inactivated the BLA by using D1 receptor antagonist. This
effect was reversible by intra-infusion of amphetamine, a psychosti-
mulant drug, to the BLA directly [5,6]. It was found that decreased BLA
activity by intra-injection with AP5, an NMDA receptor antagonist, was
capable to block amphetamine conditioned place preference (CPP)
acquisition and extinction [7]. These collective findings indicated that

Abbreviations: ANOVA, analysis of variance; AMY, amygdala; AP, antero-posterior; ARRIVE, Animal Research: Reporting of in vivo Experiments; BLA, basolateral
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Fig. 1. The protocol for characterization of LFP pattern and PAC rhythm in the BLA of mice in METH-induced CPP. Animals were handled through the processes of
electrode implantation, recover period and 3 phases of a CPP paradigm: habituation and pre-conditioning, conditioning, and post-conditioning phases during day 1-3,

4-13, and 14, respectively.

the BLA plays a critical role in neural mechanisms associated with some
aspects of drug addiction and craving.

Although a significant role of the BLA engaged with addictive ac-
tivities has been proposed, modulation of the BLA that facilitates drug
seeking behaviors remained to be explored. Basically, most of previous
studies were performed by using molecular techniques which the data
outputs were limited in terms of temporal resolution and sensitivity. For
example, it is impractical for the detection of brain activity modulated
within a time fraction in milliseconds. Therefore, the solution of this
problem has already been addressed by the previous demonstration
using electrical brain wave recording and analyses [8].

Fundamentally, electrical transmission is a predominant feature of
brain communication. Neuronal responses produced by substances such
as drugs or neurotransmitters are mostly generated from interaction
between functional domains of various biomolecular molecules (e.g.
receptors, channels, enzymes) [9]. These substances change down-
stream signaling pathway modulation, alternate ion conductance
pattern of neurons (e.g., increase or decrease firing rate) and elicit local
field potential (LFP). Actually, LFP signal can be recorded, analyzed and
depicted in various aspects such as LFP power and phase-amplitude
coupling (PAC) which are extensively used to identify clinical profiles
of drugs of interest in rodents [10] and human [11]. Moreover, unique
LFP patterns can also be used to reflect and represent specific condition
of stimulation or some certain tasks performed. Previously, elevated LFP
powers in delta and theta bands as well as theta-high gamma PAC in the
hippocampal CA1 of mice were detected in response to repeated choc-
olate consumptions [12]. Moreover, mPFC oscillation in theta and
gamma frequency bands and theta-high gamma PAC were associated
with heroin addiction validated by CPP behavioral method [13].

Altogether, several experiments were caried out by using CPP para-
digm according to its highly standardized quality for testing addictive
properties of drug candidatures [14]. In particular, it has been widely
used as a reliable model in animals for investigating brain mechanisms
associated with drug seeking and rewarding behavior in laboratory
animals induced by various psychomotor stimulants such as amphet-
amine, cocaine and methamphetamine (METH) [15-17]. For better
understanding of addiction brain mechanism, it was important to
characterize the LFP oscillation in the BLA related with METH seeking
behavior. Therefore, this study aimed to investigate LFP spectral powers
and PAC pattern in the BLA of mice using METH CPP paradigm.

2. Materials and methods
2.1. Animals

This animal study was conducted under the guidelines of the Euro-
pean Science Foundation (Use of Animals in Research, 2001) and
ARRIVE (Animal Research: Reporting of in vivo Experiments) for the
protection of animals used in scientific research. The experimental
procedures and protocols were approved by the Institute Animal Care
and Use Committee, Prince of Songkla University [project license
number: MHESI 6800.11/845 and reference number: 57/2019]. Male
Swiss albino ICR mice (7-8 weeks old) were obtained from the National
Laboratory Animal Center, Mahidol University, Thailand. In order to
acclimatize and minimize animal stress, all animals were pre-handled
for one week prior to the initial of the experiment at the Southern
Laboratory Animal Facility, Prince of Songkla University. The animals
were housed in the individual stainless-steel cage (17 x 28.5 x 17 ¢m)
with standard environment (12/12 h light/dark cycle, 22 + 3 °C and
55 + 10 % relative humidity). Commercial food pellets and water were
available ad libitum. All experiments were carried out between 8 a.m.
and 4 p.m.

2.2. Drugs and chemicals

METH hydrochloride was provided by the Food and Drug Adminis-
tration, Thailand with a standard purity (95.8 %) for research purpose.
In addition, METH at 1 mg/kg diluted in physiological saline solution
(0.9 % w/v NaCl) was intraperitoneally injected with fixed volume per
body weight of mice at 10 mL/kg. The concentration of METH was
selected in accordance to dose that definitely produced conditioned
place preference in this strain of mice [16].

2.3. Animal surgery for implanting the LFP electrodes

The process of intracranial electrode implantation has already been
described previously [18]. At the start of the experiment, animals were
approximately 4 months after birth with body weight 45.0 + 2.4 g. They
were deeply anesthetized with intraperitoneal injection of 16 mg/kg
xylazine hydrochloride (Xylavet, Sigma-Aldrich International GmbH,
Switzerland) and 50 mg/kg zoletil (Tiletamine — zolazepam, Vibac Ah,
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Inc., USA) cocktail. Following a period of unconsciousness, animal’s
heads were then fixed with stereotaxic apparatus. Lignocaine
(20 mg/mL) (Lidocaine, M & H manufacturing Co., Ltd., Thailand), a
local analgesic drug, was administered subcutaneously before making
the midline incision of the scalp on the dorsal head to expose the skull.
The position on the skull above the BLA was marked for drilling hole.
Therefore, the electrode was stereotaxically positioned on the left
hemisphere of the brain defined from bregma to the BLA (AP; -1.7 mm,
ML; 3 mm; DV; 4.8 mm) according to the mouse brain atlas [19]. The
reference that was also used as ground electrode was implanted on the
skull at midline over the cerebellum (AP; -6.0 mm, ML; 0.0 mm; DV;
1.5 mm). Additional holes were drilled for stainless steel screws as an-
chors for extra stability. All silver wire electrodes (0.381 mm in diam-
eter) were secured for permanent in place with dental acrylic (Unifast
Trad, GC Dental Industrial Corp., Tokyo, Japan). The antibiotic ampi-
cillin (100 mg/kg) (General Drug House Co., Ltd., Bangkok, Thailand)
was applied intramuscularly once a day for 3 days to prevent infection.
The animals were allowed to fully recover in individual cage for at least
2 weeks before the start of the experiment.

2.4. CPP apparatus and paradigm

CPP paradigm has been employed to assess environment-induced
drug seeking behaviors in laboratory animals. The CPP apparatus was
modified from the previous study [20] and made from plexiglass in a
Y-shape (Fig. 1). There were 3 rectangular compartments
(25cm x 18cm x 25 cm) connected with and separated from each other
by removing or placing removable walls between each compartments
and triangular central zone. Two compartments located laterally had the
identical shape and size to that of central zone, but they had different
floor textures and wall shading. One of the lateral compartments had
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vertical strips lined on the wall and smooth floor. The other lateral
compartment had grid strips attached to the wall and textured floor. The
third compartment on the base was a neutral zone used as a starting
position of the animal exploration. Overall time schedule of drugs in-
jection was modified from the recent study [16]. The protocol of
experiment was shown in time sequence (Fig. 1). In brief, CPP paradigm
primarily began with habituation and continued with 3 phases of CPP
which included pre-conditioning, conditioning, and post-conditioning
phases.

2.4.1. Habituation and pre-conditioning phase

Animals were acclimatized with experimental room. They were
brought to place in the room for at least 30 min prior to the start of the
experiments. During the habituation (day 1 and 2), animals were
intraperitoneally injected with normal saline solution and immediately
placed to the starting position in the chamber. Then, animals were
individually allowed to explore all compartments of the CPP apparatus
freely for 15 min. During a period of pre-conditioning (day 3), the ani-
mals were treated and trained in the same manner to the habituation
periods. Time that animals spent in each compartment was assessed and
expressed as CPP score. CPP score each animal was calculated by sub-
traction of time that each animal spent in METH-paired compartment
with time spent in normal saline-paired compartment. Tossing a coin
was a method to divide all mice into 2 sub-groups to receive either
normal saline or METH. Moreover, 2 sides of compartment were
randomly paired with METH or saline to avoid bias.

2.4.2. Conditioning phase

Conditioning phase was taken for 10 consecutive days (day 4-13).
Mice of METH group (n = 7) were given METH and saline injection in
alternative days (1 mg/kg METH on odd day and saline on even day

Control grou METH grou
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Fig. 2. Locomotor activity of animals in a CPP apparatus, Averaged speed during pre-conditioning and post-conditioning phases of control (n = 10) and METH
(n = 7) groups were monitored. Values were calculated every 1-min bin (A). Averaged speed during 5-15 min were selected for investigation (B). Locomotor tracking
of exploratory behavior of representative mice (C) and averaged CPP scores (D) of control and METH groups during pre- and post-conditioning phases in CPP
apparatus are shown. Data were expressed as mean + SEM. ** P < 0.01, 0.001 for comparisons with each paired result.




J. Nukitram et al.

during this phase). Subsequently, they were confined to the assigned
compartment for 30 min to learn to pair with different treatments
(METH and saline) and specific details of the assigned compartments.
On the other hand, control mice (n = 10) were administered with
normal saline every day for both compartments. After animals
completed the session in each day, they were moved back to their home
cage.

2.4.3. Post-conditioning phase

Post-conditioning phase was done on day 14 (post-conditioning
dayl). The procedure of this phase was the same to that of pre-
conditioning phase. For testing, mice from both groups were given
neither METH nor normal saline. They were individually allowed to
survey the entire CPP apparatus freely for 15 min. After that, the
calculation of CPP score was carried out.

2.5. Recording of LFP signals and animal locomotor activity

LFP signals and locomotor activities of individual animals were
recorded simultaneously during pre-conditioning and post-conditioning
phases. For LFP signal recording, after 50 Hz power line and spontane-
ously electrical artifact rejection, signals were harvested with 1.024 s
duration in sweeps and size of sampling frequency was 2 kHz. Therefore,
sampling frequency was 2.048 kHz which was well over the Nyquist
sampling rate. All LFP signals were amplified with low- pass 1 kHz and
high-pass 0.3 Hz by Dual Bio Amp (AD Instruments, Castle Hill. NSW,
Australia). The conversion from analog signals to digital data was per-
formed by a PowerLab 16/35 system (AD Instruments, Castle Hill. NSW,
Australia) with 16-bit A/D. LFP signal analysis was processed through
1-100 Hz band-pass digital filtering. For locomotor activity,
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spontaneous animal movement was captured by webcam camera verti-
cally fixed on the top of recording chamber. All data were deposited in a
computer through LabChart 7.3.7 pro software. Data were specifically
selected during 5—15 min of this recording to monitor LFP oscillations
and PAC patterns of mice under addictive state induced by METH
treatment.

2.5.1. Locomotor activity analysis

The analysis of locomotor activities of animals was validated by
using open source toolbox OptiMouse [21] to capture body position of
mice. The alternations of locomotor activity in assigned time period and
time spent in each compartments of the apparatus were illustrated and
expressed as mean + Standard Error Mean (SEM).

2.5.2. LFP signal analysis

For data analysis, Fast Fourier Transform (FFT) algorithm (Hanning
window cosine transform) with 50 % window overlap and 0.976 Hz of
power spectra resolution was used for generating power spectral density
(PSD) from digitized data stored in a PC via the LabChart 7.3.7 pro
software. Subsequently, each discrete frequency band of the PSD was
averaged and depicted as log percentage total power in frequency do-
mains with 8 defined signal frequency ranges (delta: 1.0-3.9 Hz, theta:
4.7-8.7 Hz, alpha: 9.8-12.7 Hz; beta: 13.6-29.3 Hz, gamma I-IV: 30—90
(increase in 15 Hz in order))

Cross-frequency coupling (CFC) was used for evaluating the in-
teractions between different frequency ranges of neural signal. This
study focused on phase-amplitude coupling (PAC), one of the most
common representatives of CFC, to analyze the strength of coupling
between 2 frequency bands of interest. The results were expressed as
modulation index (MI) extracted from comodulograms or coupling maps
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Fig. 3. Raw LFP signals of representative mice during pre-conditioning (A) and post-conditioning phases (B) of METH group. Raw signals were also converted and
shown in spectrograms (lower panels). Frequency spectral power was demonstrated with color code. Blue and red colors represented the lowest and highest LFP
powers, respectively. Arrow heads are used to indicate the disappearance of slow frequency oscillations particularly in theta and alpha ranges.
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to present faster wave amplitude driven by slower frequency phase.
Therefore, PAC was deployed to analyze LFP data during drug seeking
behaviors. Theta-gamma coupling was specifically focused. All raw data
were run via toolbox Brainstorm3 [22].

2.6. Statistical analyses

All parameters were shown and analyzed as mean + Standard Error
Mean (SEM). All parameters were processed under the function of two-
way repeated measure analysis of variance (ANOVA). Conditioning
states or trials were used as within-subject factors, and with or without
METH treatment considered as inter-subject factors defined as group. A
P-value < 0.05 was defined statistically significant.

3. Results
3.1. Locomotor activity

Locomotor activity was monitored during a period of 15min
recording. Data were analyzed for a parameter of locomotor speed
(Fig. 2A). Values during pre- and post-conditioning phases of control
and METH groups were shown. The results showed high fluctuations
particularly during the early period. The speed levels were relatively
stable at the middle to the end of recording period of both control and
METH groups. Statistical analysis revealed non-significant differences
between groups and between pre- and post-conditioning phases
(Fig. 2B). Therefore, raw signals from a period of 5-15 min recording
were selected for analyses of all data in this study.

3.2. METH conditioned place preference

Times spent of animals in saline-paired and METH-paired

Neuroscience Letters 756 (2021) 135939

compartments during pre- and post-conditioning phases of control and
METH groups were analyzed. During pre-conditioning phase, both
control and METH animals explored all compartments relatively evenly.
No obvious side preference in their exploratory patterns was seen
(Fig. 2C). However, during post-conditioning phase, control group
remained the same pattern of exploration whereas METH group clearly
showed side preference for METH-paired compartment. Therefore, time
spent values were converted into CPP scores and statistically analyzed.
During pre-conditioning phase, control and METH groups had CPP score
at 1.59 +16.03s and -6.70 + 20.42s, respectively. During post-
conditioning phase, control and METH groups produced CPP scores at
10.07 + 50.20 s and 258.48 + 48.83 s, respectively. Two-way repeated
measure ANOVA revealed significant effects of trial [F (1, 15) = 13.712, p
= 0.002], group [F (1, 15) = 11.334, p = 0.004] and group x trial in-
teractions [F (1, 15 = 12.065, p = 0.003]. Multiple comparisons revealed
significant increases in CPP score during post-conditioning phase of
METH group compared to pre-conditioning phase of METH group [F (1,
15) = 21.888, p < 0.001] and post-conditioning phase of control group [F
(1, 15) = 13.145, p = 0.002] (Fig. 2D). No significant difference was found
between pre- and post-conditioning phases of control group and be-
tween pre-conditioning phases of control and METH groups. Altogether,
the present data confirmed the establishment of METH conditioned
place preference.

3.3. LFP spectral powers in the BLA of METH conditioned place
preference

Visual inspection was performed to observe the oscillatory patterns
of raw LFP signals and spectrograms during pre- and post-conditioning
phases (Fig. 3). Baseline LFP patterns of pre-conditioning phase were
shown with normal components of frequency activity. During post-
conditioning phase, slow wave activities were absent intermittently
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Fig. 4. Averaged LFP spectral powers of control (A) and METH groups (C). Data were normalized as percent total power and illustrated in log scale. Theta and alpha
powers were depicted in small sub-plots. LFP powers of control (B) and METH groups (D) were divided into 8 discrete frequency bands ranging from delta (1.0-
3.9 Hz), theta (4.7-8.7 Hz), alpha (9.8-12.7 Hz), beta (13.6-29.3 Hz), and gamma I-IV (30-90 Hz with increase in 15 Hz in order). Data were expressed as mean-
+ SEM. Asterisks indicate significant differences at *: P < 0.05 performed by two-way repeated measure ANOVA.
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from time domain signals of METH groups. No obvious change between
pre- and post-conditioning phases was seen in control group. Therefore,
LFP signals were transformed into frequency domain for quantitative
analysis as LFP spectral powers (Fig. 4A and C for control and METH
groups, respectively). Two-way repeated measures ANOVA demon-
strated significant effects of trial [F (1, 15) = 4.776, p = 0.045] and trial x
group interactions [F (1, 15) = 5.342, p = 0.035] but not effects of group
on theta wave. Moreover, significant effect was found only on trial [F (1,
15) = 5.714, p = 0.030] of alpha wave. Control group did not show any
significant change following conditioning paradigm (Fig. 4B). In METH
group, significant decreases in theta [F (1, 15) = 8.593, p = 0.010] and
alpha [F (1, 15) = 6.220, p = 0.025] frequency powers during post-
conditioning phase compared to pre-conditioning levels were seen
(Fig. 4D). Taken together, the present data indicated specific changes in
theta and alpha frequency ranges in the BLA during post-conditioning
phase of METH CPP.

3.4. Phase-amplitude coupling in the BLA of METH conditioned place
preference

Comodulograms of PAC from the BLA of mice during pre-
conditioning and post-conditioning phases were visualized. In control
group, no obvious change was seen. In METH group, different patterns
between comodulograms of pre-conditioning and post-conditioning
phases were found (Fig. 5A). Two-way repeated measures ANOVA
demonstrated significant influence of trial [F (¢, 15)=15.195, p = 0.001],
group [F (1, 15) = 11.488, p = 0.0041], and trial x group interactions [F (1,
15) = 11.039, p = 0.005] on maximal modulation index (MI). Pairwise
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¥
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comparisons revealed significant increases in MI during post-
conditioning phase compared to pre-conditioning phase of METH
group [F (1, 15) = 24.620, p < 0.001] and post-conditioning phase of
control group [F 1, 15) = 12.254, p = 0.003] (Fig. 5B). No significant
difference was observed between pre-conditioning and post-
conditioning phases of control group and between pre-conditioning
phases of control and METH groups.

Additionally, significant effects of trial [F (1, 15) = 5.498, p = 0.033],
and trial x group interactions [F (1, 15) = 5.498, p = 0.033], but not the
effects of group, were seen in frequency for phase of slow wave. Multiple
comparisons confirmed significant increase in METH group during post-
conditioning phase compared to pre-conditioning phase [F (1, 15) =
10.386, p = 0.006] and compared to post-conditioning phase of control
group [F (1, 15) = 9.476, p = 0.008] (Fig. 5C).

The analysis of frequency for amplitude of fast wave revealed a
significant effect of group [F (1, 15) = 4.735, p = 0.046] but not trial [F (1,
15) = 0.094, p = 0.764] and trial x group interactions [F (1, 15) = 2.580, p
= 0.129]. Multiple comparisons indicated significant difference in fre-
quency for amplitude of fast wave between post-conditioning levels of
METH and control groups [F (1, 15) = 9.173, p = 0.008] but not within
any group (Fig. 5D).

Therefore, broad frequency ranges for phase and amplitude were
sub-divided for testing PAC induced during post-conditioning phase.
Frequency for phase was focused on theta and alpha ranges whereas
frequency for amplitude was focused on gamma I, II and III. MI values
were analyzed. The results displayed no significant difference between
MI values of pre- and post-conditioning phases in control group
(Fig. 6A-1). However, two-way repeated measure ANOVA revealed a
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Fig. 5. Phase-amplitude cross (PAC) frequency couplings of METH group, Comodulograms of PAC in the BLA of representative mouse from control (left panel) and
METH group (right panel) during pre-conditioning (top panel) and post-conditioning phase (bottom panel) are shown. Black arrows indicate the maximal modulation
indices in each condition (A). PAC values were analyzed in terms of maximal modulation index (B), frequency for phase of slow oscillation (C), and frequency for
amplitude of fast wave activity (D) extracted from comodulograms. All data were expressed as mean + SEM. A two-way repeated measure ANOVA was performed,

**P < 0.01, ***P < 0.001.
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significant influence of trial [F (1, 15) = 10.670, p = 0.005] but not trial x
group interaction [F (3, 15) = 2.830, p = 0.113] and group [F (1, 15 =
0.259, p = 0.618] on theta-gamma II (45-60 Hz) PAC. Moreover, a
significant difference was seen in theta-gamma II [F (4, 19) = 8.294,p =
0.010], but not other PAC couplings of METH group (Fig. 7A-I). The MI
value of theta-gamma II was significantly increased during post-
conditioning phase compared to pre-conditioning level. Altogether,
these results indicated the enhanced MI of theta-gamma II PAC in the
BLA of mice associated with METH CPP.

4. Discussion

The present study demonstrated METH CPP and changes in LFP ac-
tivities of the BLA following repeated sessions of METH administration
in CPP paradigm. METH CPP scores clearly confirmed addictive prop-
erty of the drug. The increased time spent in METH-paired compartment
induced by METH related cues in the CPP chamber was similar to that
produced by standard drugs such as cocaine [15], heroin [23] or
amphetamine [17]. The CPP score of METH and changes in LFP oscil-
latory pattern in the BLA were highlighted as neural processing of METH
CPP through associative learning.

Basically, the BLA has a close functional connection with the meso-
limbic DA system for neural processing in response to reward-related
stimuli. Previously, a disruption of the brain reward circuitry was
found to result in mood disorders [1]. Several experiments have been
conducted to demonstrate a critical role of the BLA in addiction. Alto-
gether, alleviation of drug-seeking behaviors was correlated with the
BLA activity suppression [5-7]. The present data highlighted the
decreased theta and alpha spectral powers and the increased MI of

theta-gamma II cross frequency coupling in the BLA. It is likely that
these LFP oscillatory patterns would predict drug craving and seeking.

The expression of METH CPP was believed to be induced by memory-
associated cue of METH administration. Basically, locomotor movement
induced by psychostimulant drugs could interfere CPP outcomes. Pre-
viously, the fluctuation of animals’ movement was found to have im-
pacts on LFP signal generation and oscillation [24]. Therefore, data
recorded during a stable period of 5-15 min were selectively analyzed.

Apart from the direct effect of addictive drugs, there are factors that
facilitate addiction such as genetic vulnerability of the users and drug-
associated conditions [25]. In particular, the latter factor is powerful
for reward learning process of addictive drugs. Previously, the BLA was
engaged with the reconsolidation of drug-associated memories [26]. It
was involved in cocaine-related memory reconsolidation [27]. More-
over, the relationship between BLA action and drug seeking behaviors
induced by drug related cue has been evidenced [28]. By using the CPP
paradigm, the contextual cues of drug (e.g. drug paraphernalia) were
demonstrated to elicit craving [29]. This could explain why the increase
in CPP score was produced by METH associated cues during
post-conditioning phase.

Side preference evaluated by METH CPP method in the present study
may be related with neuroadaptive mechanism following repeated ad-
ministrations of METH in the paradigm. Multiple brain mechanisms in
response to learning process of drug-environment pairing have been
well documented. During the development of drug dependence, neuro-
chemical dysregulations including structural and functional changes in
the reward brain circuits were observed [30]. The brain stress-activating
factors (BSAFs) released from the AMY (e.g. corticotropin-releasing
factor and norepinephrine (NOR)) was found to elicit negative
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Fig. 7. Modulation indices of the BLA of METH group during pre-conditioning and post-conditioning phases, Line graphs of modulation indices calculated from
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repeated measure ANOVA, *P < 0.05.

emotional state and promote addiction, respectively [31]. It is possible
that METH produces CPP through these mechanisms after repeated
METH exposures until withdrawal in physiological adaptation to
maintain hedonic homeostasis.

The present study highlighted the LFP oscillation and PAC rhythm of
the BLA in response to METH CPP. Normally, the specific patterns of
brain oscillation are known to reflect unique neuronal functions related
with task performance [12,13]. LFP oscillatory patterns are widely used
to specify clinical profiles of some drugs of interest that act on the CNS
both in animals and human [10,11]. Previously, theta frequency oscil-
lation was believed to mediate encoding of working and episodic
memory and retrieval processes [32]. Multiple brain regions were
interconnected in synchronization with theta frequency range to inte-
grate spatial information transmission [33,34]. The AMY was demon-
strated to produce and release NOR, one of BSAFs, mostly during
dependence or withdrawal periods [31]. Moreover, adrenergic alpha2
receptor activity was correlated with theta wave function [35]. There-
fore, the decrease in theta power during post-conditioning phase might
be related with change in adrenergic alpha2 receptor activity to
modulate cognitive function, sleep, anxiety, and aches during with-
drawal period [36,37].

Alpha power was decreased during post-conditioning phase. Nor-
mally, alpha oscillation can be observed in various brain regions
including the amygdala and its functional roles have been proposed.
Basically, it is involved in processing emotional information, filtering of
inhibitory input of selective attention and probably supporting cognitive
function [38,39]. Previously, METH was found to impair spatial learning
and memory process in rodent [40]. Reduced alpha power during
post-conditioning phase might be one of METH direct effects that could

affect learning. The CPP paradigm is practical to directly monitor that
METH group accessed METH-paired compartment as a side preference.
These phenomena may be resulted from the ideal concept that brain is
capable to maintain homeostasis and dampen drug reward effects in
adaptation to disturbances automatically [41,42].

Phase-amplitude coupling (PAC), one of the most studied type of
cross frequency coupling, was analyzed following METH repeated ex-
posures in the CPP paradigm. The increase in theta-gamma sub-band 11
(45—60 Hz) was observed. Actually, theta-gamma PAC has been mainly
recognized as a key maker of neural processing that supports learning
and memory both in animals [42] and human [44] and appeared to be
associated with memory formation and synaptic plasticity [45]. So far,
the important role of theta-gamma coupling in the brain reward circuits
implicated with drug dependence has not been well described. Previ-
ously, neural communication between the BLA and the mPFC via glu-
tamatergic neurons was also detected in particular [46]. These
connections are believed to engage with craving induced by drug cue
stimuli [47]. Previously, a significantly remarkable elevation in
theta-gamma coupling (6-8 Hz with 50—55 Hz) was seen in the mPFC
following cocaine treatment [13]. In addition, cross-frequency coupling
appeared to mediate network-level dynamical computations during
performance of T-maze task [48]. Collectively, the couplings in the
mPFC and BLA may be considered as functional interactions that moti-
vate drug-seeking behaviors. By the way, gamma range coupled with
theta mentioned above was below 60 Hz. On the other hand, theta-high
gamma (60—100 Hz) coupling was also involved in other motivated
behaviors such as food seeking induced by chocolate cues after repeated
chocolate sessions [12]. These data may suggest the underlying brain
mechanisms in different degrees of motivation for food- or drug-induced
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seeking behaviors. Altogether, the present PAC results might suggest
possible changes in the brain circuits of memory and cognitive functions
induced by METH dependence. Moreover, these findings may provide
new information of LFP rhythmic oscillations in the BLA as
evidence-based mechanisms in consistency with METH-induced neural
plasticity, neuronal transmission, and the transduction of intracellular
pathways during METH dependence [49-51].

In summary, this study demonstrated the LFP spectral powers and
PAC in the BLA during post-conditioning phase of METH CPP. These
findings were found in parallel with the induced METH CPP that could
reflect METH craving and seeking behavior of mice in CPP paradigm.
These electrical brain signals in the BLA are believed to support the
process of learning association between METH effects and the assigned
environment paired with METH administration. These BLA LFP oscil-
lations might represent brain mechanisms that underlie drug craving
and seeking behavior.
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Keywords: Ethnopharmacological relevance: Mitragyna speciosa (Korth.) Havil., popularly known as Kratom (KT), is a me-
Bupropion dicinal plant used for pain suppression in Southeast Asia. It has been claimed to assist drug users withdraw from

Coherence analysis

Conditioned place preference

Local field potential methamphetamine
Mitragyna speciosa

methampt ine (METH) dependence. However, its use was controversial and not approved yet.

Aim of the study: This study was conducted to characterize local field potential (LFP) patterns in the nucleus
accumbens (NAc) and the hippocampus (HP) in mice with METH conditioned place preference (CPP) that were
treated with KT alkaloid extract.

Materials and methods: Male Swiss albino ICR mice were implanted with intracraneal electrodes into the NAc and
HP. To induce METH CPP, animals were injected intraperitoneally once a day with METH (1 mg/kg) and saline
(0.9% w/v) alternately and put into METH/saline compartments to experience the associations between drug/
saline injection and the unique environmental contexts for 10 sessions. Control group received saline injection
paired with both saline/saline compartments. On post-conditioning day, effects of 40 (KT40), 80 (KT80) mg/kg
KT alkaloid extract and 20 mg/kg bupropion (BP) on CPP scores and LFP powers and NAc-HP coherence were
tested.

Results: Two-way ANOVA revealed significant induction of CPP by METH sessions (P < 0.01). Multiple com-
parisons indicated that METH CPP was completely abolished by KT80 (P < 0.001). NAc gamma I (30.0-44.9 Hz)
and HP delta (1.0-3.9 Hz) powers were significantly increased in mice with METH CPP (P < 0.01). The elevated
NAc gamma I was significantly suppressed by KT80 (P < 0.05) and the increased HP delta was significantly
reversed by KT40 (P < 0.01) and KT80 (P < 0.001). In addition, NAc-HP coherence was also significantly
increased in gamma I (30.0-44.9 Hz) frequency range (P < 0.05) but it was reversed by KT80 (P < 0.05).
Treatment with BP did not produce significant effect on these parameters.

Conclusions: These findings demonstrated that KT alkaloid extract significantly reversed CPP scores and LFP
patterns induced by METH administration. The ameliorative effects of the extract might be beneficial for
treatment of METH craving and addiction.

sympathomimetic agent. Chronic METH administration produced
adverse effects on body functions (Turnipseed et al., 2003) and psy-
chological consequences including depression and schizophrenia
(Wearne and Cornish, 2018). These psychological disorders are partially
resulted from the elevation of monoamine neurotransmission-induced
monoamine  neurotransmitter (NT) remodeling known as

1. Introduction

The evidence of public health problems from misuse and overdose of
methamphetamine (METH) does exist (Halpin et al., 2013). METH is a
stimulant drug acting on the central nervous system (CNS) as a
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Abbreviations:

7-HMT  7-hydroxymitragynine

ANOVA Analysis of variance

AP Antero-posterior

ARRIVE Animal Research: Reporting of In Vivo Experiments
BP Bupropion

CHCl3 Chloroform

CMC Sodium carboxymethyl cellulose
CNS Central nervous system

COR Corticosterone

CPP Conditioned place preference

D1 Dopamine receptor type 1

D2 Dopamine receptor type 2

DA Dopamine

DAT Dopamine transporter

DRn Dorsal raphe nuclei

DV Dorso-ventral

EIMS Electron impact mass spectrometry
FFT Fast Fourier Transform

HP Hippocampus
HPA axis Hypothalamic-Pituitary-Adrenal axis

HPLC High performance liquid chromatography
IR Infrared

KBr Potassium bromide
KT Kratom

LFP Local field potential
MeOH  Methanol

METH  Methamphetamine
ML Medio-Lateral

MT Mitragynine

MTPD  Methylphenidate
NAc Nucleus accumbens

NaCl Sodium chloride
NMR Nuclear magnetic resonance

NT Neurotransmitter

PSD Power spectral density
SEM Standard Error Mean
STR Striatum

VTA Ventral tegmental area

neuroplasticity (Korpi et al., 2015). Additionally, negative consequences
of METH use were found to affect behavioral and social aspects of the
adolescent population (Embry et al., 2009). Although the impacts of
METH use on health and social are critical, the current interventions are
not satisfactory especially the pharmacotherapy for handling of METH
craving. The use of medicinal plant extract is one of alternative treat-
ments for drug addiction. Many parts of various plant species including
Mitragyna speciosa (Korth.) Havil. have been tested for possible curative
effects on drug addiction (Cheaha et al., 2017; Kumarnsit et al., 2007a;
Pandy et al., 2018; Vijeepallam et al., 2019).

Mitragyna speciosa (Korth.) Havil., commonly known as Kratom (KT),
is a medicinal plant of the family Rubiaceae. It is abundantly found in
Malaysia and Thailand (Suhaimi et al., 2016). It has been wildly used in
folk medicines to cure many illness for several decades (Yusoff et al.,
2016). KT leaves contain varieties of indole alkaloids that have been
isolated and chemically identified such as mitragynine (MT), a major
alkaloid, or 7-hydroxymitragynine (7-HMT), a minor constituent. These
molecules exert their functions partially via opioid receptor activation in
both peripheral and central organs (Adkins et al., 2011; Kruegel and
Grundmann, 2018). Traditionally, KT leave consumption produces
remedy in the mitigation of chronic musculoskeletal pain and fatigue,
attenuation of inflammatory response and reduction of diarrhea and
mood swing (Chan et al., 2007; Jansen and Prast, 1988). Recently, MT
was found to reduce the neuropathic pain in rat via a-adrenoceptor
mechanism (Foss et al., 2020).

Moreover, during the past decades, KT alkaloid extract has been
consistently studied. It exhibited beneficial effects in various aspects
such as reducing severity of ethanol and morphine withdrawal symp-
toms and showing similar local field potential (LFP) patterns of electrical
brain wave to that of a standard anti-depressant drug fluoxetine (Cheaha
et al., 2015, 2017). Fundamentally, local people in the communities
consume whole alkaloid contents in KT leaves by chewing or drinking
tea from its leaves. The evidence-based study indicated the potential of
KT to reduce craving in poly-drug users including METH addicts in
Malaysia (Singh et al., 2020). Previously, the KT extract produced more
beneficial effects than MT in animal models of addiction (Cheaha et al.,
2017). By oral route, the pharmacokinetics of KT extract were more
preferable than that of MT alone (Avery et al., 2019). Therefore, the
present study used KT alkaloid extract instead of MT to represent the use
of KT plant in communities.

Previously, KT alkaloid extract at effective dose did not activate the
nucleus accumbens (NAc), the brain reward center that is normally

activated by standard addictive drugs such as morphine (Cheaha et al.,
2017; Reakkamnuan et al., 2017)., Moreover, reward effects induced by
MT was demonstrated using conditioned place preference (CPP) para-
digm (Yusoff et al., 2017, 2018). These findings raised concerns of
possible dependence produced by MT. Hence, the utilization of MT for
therapeutic purposes is not recommended. Previously, KT leaves were
chewed by METH addicts to attenuate craving and some other with-
drawal symptoms (Assanangkornchai et al., 2007; Saref et al., 2019,
2020). However, this remained uninvestigated in a well-controlled
research particularly in animal models. It is important to examine the
effect of KT alkaloid extract on addictive behaviors induced by METH.
The CPP paradigm has been widely used as a reliable model in ani-
mals for testing drug seeking behavior and rewarding property produced
by stimuli associated with administration of psychoactive drugs such as
METH, amphetamine or cocaine (Bardgett et al., 2020; Nukitram et al.,
2021; Pandy et al., 2018; Shen et al., 2016). Basically, this paradigm is
involved with the effects of environment cues of drug associated stimuli
(e.g. drug paraphernalia) which dramatically elicited craving (Foltin
and Haney, 2000). Addictive behaviors are primarily regulated by the
hippocampus (HP) and the NAc (Ito et al., 2008). The processing of
spatial information and the formation and retrieval of addictive-related
memory were believed to link with the main functions of the HP (Jones
and Wilson, 2005; Masuoka et al., 2006). The spatial information while
animals exploring each compartment in CPP paradigm was produced
and stored. The NAc would possibly receive the information of contex-
tual cue from the HP. Moreover, the crucial roles between the HP and
the NAc in acquisition of CPP have been demonstrated (Ito et al., 2008).
These evidences suggest that the memory of drug associated environ-
ment is necessary to induce drug-craving behaviors. Suppression of drug
craving in addiction treatment would hint the success of drug therapy.
Better understanding of brain mechanisms and neural signaling associ-
ated with drug seeking and craving from CPP paradigm is important and
might be useful particularly in clinical management for drug addicts.
Summated excitatory and inhibitory potentials from neuronal pop-
ulation located in the cortical area or other deep brain nuclei can be
recorded as LFP signals. LFP oscillation also provides an effective plat-
form to identify brain mechanism in correlation with task performing as
clinical profile of drugs of interest (Cheaha et al., 2015; Dimpfel et al.,
2016). For LFP signal interpretation, many algorithms and computa-
tional techniques have been deployed to analyze LFP signals for quan-
titative measurement of electrical activity in each brain region. LFP
signal can be processed as a form of power spectral density (PSD) to
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represent the intensity of signal energy of different frequencies (Unde
and Shriram, 2014). PSD has been generally analyzed to detect the brain
injury (Goldfine et al., 2011), cognitive function (Samerphob et al.,
2017), and the fluctuation of NT systems (Dimpfel, 2008). Moreover,
coherence activity can be analyzed to clarify the communication be-
tween different brain regions. Previously, high coherence values sug-
gested that electrical activity across brain areas synchronized to each
other and vice versa (Murias et al., 2007).

Mostly, the addicts are vulnerable to relapse in response to the
stimuli associated with drug intake. Drug craving and seeking behavior
are induced by the contextual stimuli related with drug administration.
Therefore, this study was designed to establish the association between
environmental context and METH injection through conditioning
paradigm. Animal behavior and LFP signals were monitored during pre-
conditioning and post-conditioning phases to investigate craving and
neural activity. After that, the efficacy of alkaloid extract from KT leaves
on induced addictive behaviors was examined by using METH CPP
paradigm in a mouse model. Changes in LFP pattern and coherence
values were also monitored in purpose to clarify neural signaling asso-
ciated with CPP in response to treatment with KT alkaloid extract.

2. Materials and methods
2.1. Plant materials

Mature leaves of KT were collected from natural sources in Songkhla
and Satun provinces, Thailand. Plant materials were then identified by
Assist. Prof. Dr. Chatchai Wattanapiromsakul and stored at the herbar-
ium in the Department of Pharmacognosy and Pharmaceutical Botany,
Faculty of Pharmaceutical Sciences, Prince of Songkla University,
Thailand where a voucher specimen (no. PCOG/MS001-002) has been
deposited.

2.2, Instrumentals

Infrared (IR) absorption spectrum was performed on PerkinElmer
Spectrum One FT-IR spectrometer (MA, USA). The materials were
examined in potassium bromide (KBr) disc. Mass spectrum was recorded
on Thermo Finnigan MAT 95 XL (MA, USA) for the electron impact mass
spectrometry (EIMS). Nuclear magnetic resonance (NMR) spectra were
recorded on FT-NMR Varian® Unity Inova 500 spectrometer (CA, USA)
at 500 and 125 MHz for 'H and '>C-NMR, respectively. The chemical
shifts were reported in ppm (8) scale with referenced to the solvent
signals including chloroform-d (7.24 ppm of residual CHCl3 for 'H-NMR
and 77.0 ppm for *C-NMR).

2.3. Preparation of crude alkaloid extract and phytochemical
characterization

The extraction and isolation of KT alkaloid extract were performed as
described previous study (Keawpradub, 1990) with the following
modifications. In brief, KT leaves were cleaned, dried at 45-50 °C,
powdered, and macerated with methanol. The filtrate was evaporated in
vacuo. The residue was dissolved in 10% (v/v) acetic acid solution,
filtrated, and washed with petroleum ether, then made into alkaline (pH
9) with 25% (v/v) ammonia solution and extracted with chloroform.
The combined chloroform fractions were washed with brine solution,
dried over anhydrous sodium sulfate. After evaporated to dryness, the
KT alkaloid extract was obtained with the yield of 0.25% (w/w) based
on dried weight. The authentic MT was isolated. The crude alkaloid
extract was loaded on the top of the silica-gel column eluting with
CHCl3: MeOH (95:5). The structure of MT was identified using spec-
troscopic methods (MS, IR, 'H NMR, and **C NMR). The results were in
agreement with the data from previous investigations (Keawpradub,
19905 Kitajima et al., 2006). The MT purity was estimated at approx.
98% pure (Supp. Figure 1).
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The characteristic of the KT alkaloid extract was determined using
the validated HPLC method as described (Limsuwanchote et al., 2015).
The HPLC Shimadzu Prominence i 2030C (Kyoto, Japan) connected with
VertiSep™ USP C18 HPLC column (4.6 x 250 mm, 5 pm; Vertical,
Bangkok, Thailand) was used. The column was eluted isocratically with
20 mM ammonium acetate (pH 6): acetonitrile; 35:65 (% v/v). The flow
rate was 1 ml/min. The injection volume was 20 pL. The photodiode
array detector-UV was set at 225 nm (Supp. Figure 4).

2.4. Animals

This investigation was carried out under the guidelines of the Eu-
ropean Science Foundation (Use of Animals in Research, 2001) (Van
Zutphen, 2004) and the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) (Kilkenny et al., 2010) for the protection of animals used
in scientific research. The experimental procedures and protocols were
approved by the Institute Animal Care and Use Committee, Prince of
Songkla University [project license number: MHESI 6800.11/845 and
reference number: 57/2019]. Male Swiss albino ICR mice (7-8 weeks
old) were obtained from the Nomura Siam International Company,
Bangkok, Thailand. In order to minimize the stress in animals, all ani-
mals were handled for one week prior to the beginning of the experiment
at the Southern Laboratory Animal Facility, Prince of Songkla Univer-
sity. The animals were individually housed in single stainless-steel cages
(17 x 28.5 x 17 ¢cm) with the standard environmental condition (12/12
h light/dark cycle, 22 + 3 °C and 55 + 10% relative humidity). Com-
mercial food pellets and water were available ad libitum. All experiments
were conducted between 8 a.m. and 4 p.m.

2.5. Drugs and chemicals

METH hydrochloride with a standard purity (95.8%) for research
purpose was provided by the Food and Drug Administration, Thailand.
Moreover, 1 mg/kg METH dissolved in 0.9% w/v NaCl was used for
intraperitoneal (i.p.) injection. METH concentration was selected in
accordance to the dose that definitely produced addictive behavior in
the same strain of mice (Nukitram et al., 2021; Pandy et al., 2018). The
40 (KT40) and 80 (KT80) mg/kg KT alkaloid extracts and a standard
drug bupropion (BP) at 20 mg/kg (Sigma-Aldrich, St.Louis, MO, USA)
were diluted in 1%w/v of sodium carboxymethyl cellulose (CMC) so-
lution and administered orally (p.o). Intragastric administration was
accomplished by using a smooth ball tipped stainless steel gavage needle
with fixed volume per body weight of mice at 10 ml/kg.

2.6. Animal surgery for implanting the LFP electrodes

The process of intracranial electrode implantation was modified
from the previous study (Cheaha et al., 2017; Nukitram et al., 2021). At
approximately 4 months after birth, mice with initial body weight
45.0-52.0 g were deeply anesthetized with intramuscular injection of a
mixed solution of 16 mg/kg xylazine hydrochloride (Xylavet,
Sigma-Aldrich International GmbH, Switzerland) and 50 mg/kg zoletil
(Tiletamine - zolazepam, Vibac Ah, Inc., USA). Animals’ head were then
held with stereotaxic apparatus. Lignocaine (20 mg/ml) (Lidocaine, M &
H manufacturing Co., Ltd., Thailand), a local analgesic drug, was
applied subcutaneously before making the incision to the midline of the
scalp on the dorsal head. The skull was drilled for the electrodes to be
stereotaxically positioned on the left hemisphere of the brain defined
from bregma to the HP in dorsal part (the CA1 region) (AP; —2.5 mm,
ML; 2 mm; DV; 1.5 mm), and the NAc (AP; +1.3 mm, ML; 1.0 mm; DV;
4.2 mm) according to the mouse brain atlas (Paxinos and Franklin,
2001). The reference and ground electrodes were implanted at the
midline skull over the cerebellum (AP; —6.0 mm, ML; 0.0 mm; DV; 1.5
mm). After that, holes were drilled for stainless steel screws as anchors.
All electrodes (0.381 mm diameter, coated) were secured in place for
permanent with dental acrylic (Unifast Trad, GC Dental Industrial Corp.,
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Tokyo, Japan). The antibiotic ampicillin (100 mg/kg) (General Drug
House Co., Ltd., Bangkok, Thailand) and carprofen (10 mg/kg) (Best
Equipment Center Co., Ltd., Thailand) were administered subcutane-
ously once a day for three days to prevent infection and alleviate pain,
respectively. The animals were allowed for at least two weeks to fully
recover from the surgery in their separated cages.

2.7. CPP apparatus and paradigm

The equipment has been employed to evaluate condition-induced
drug craving behaviors in CPP paradigm known as CPP apparatus. The
CPP apparatus in this experiment was modified from the previous in-
vestigations (Caillé et al., 1999; Nukitram et al., 2021). In brief, it was
made from plexiglass to have 3 rectangular compartments (25 cm x 18
cm x 25 cm) (compartment A, B, and C) which were arranged radially in
120° to each other. Each rectangular compartment was accessible from a
triangular zone located centrally. The compartments had identical shape
and size but different floor texture and wall shading. The ornamentation
for floor texture and wall shading were designed as following details,
respectively: A) medium rough, vertical strips; B) rough, grid strips; and
C) smooth, black color (Fig. 1). Compartment C was defined as a starting
or neutral zone where individual animals were placed and allowed to
freely explore the CPP apparatus. Overall time schedule of drug
administration was modified from the previous experiment (Nukitram
et al., 2021; Pandy et al., 2018) as depicted in Fig. 1. Briefly, after
habituation, CPP paradigm mainly consisted of 3 consecutive periods
initiating from pre-conditioning to conditioning and post-conditioning
phases in sequence.

2.7.1. Habituation and pre-conditioning phase

Mice were brought to a recording room for at least a half an hour
prior to the initiation of the experiments. During the habituation (day 1
and 2) period, animals were intraperitoneally injected with normal sa-
line solution in order to attenuate the stress from pain of drug injection
and then immediately placed on the starting zone. Next, they were
allowed to explore all compartments of the CPP apparatus freely for 15
min. During pre-conditioning phase (day 3), the animals were subjected
to the same protocol of the habituation period. Time that animals spent
in each compartment was recorded and expressed as CPP score. CPP
score was calculated from the difference of time that each animal spent
in METH-paired and normal saline-paired compartment. Tossing a coin
was a method to randomly divide all mice into 5 groups defined as
control, METH + CMC, METH + KT40, METH + KT80 and METH + BP
groups. Each group contained 10 mice. However, 3 n number of METH
+ CMC and METH + KT40 group and 2 n number of METH + KT80 and
METH + BP groups showed initial bias of side preference. They spent the
time in one compartment more than 80% of a total time. Altogether, 10
mice were rejected from the CPP procedure after pre-conditioning
phase.

2.7.2. Conditioning phase

Animals were subjected for training sessions that took 10 consecutive
days (from day 4-13) that began the day after pre-conditioning phase.
To trigger the addictive behavior, mice were given intraperitoneal (i.p.)
injection of 1 mg/kg METH and normal saline solution in alternative
days (odd and even days for METH and saline, respectively). Animals
were immediately confined to the assigned compartment for 30 min to
learn to associate between the context of unique condition of each
compartment and the specific effect of METH or saline injection. Ani-
mals in control group were administered with normal saline (both odd
and even days) for pairing with all compartments. After animals
completed the session in each day, they were brought back to their home
cage.

2.7.3. Post-conditioning phase
Post-conditioning phase was taken on day 14 to evaluate the efficacy
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of KT alkaloid extract and BP on the expression of METH CPP. 40 mg/kg
KT (n=7), 80 mg/kg KT (n = 8), 20 mg/kg BP (n = 8) and 10 ml/kg 1%
w/v CMC (n = 7) were administered orally to the assigned groups of
mice 60 min before CPP testing. After that, time spent in each
compartment was analyzed for CPP score.

2.8. The processing of LFP signals and locomotor activity of animals

During pre-conditioning and post-conditioning phases, LFP signals
and locomotor activities of individual mice in the CPP apparatus were
recorded simultaneously for 15 min. For LFP signal processing, raw LFP
signals were amplified and converted from analog to digital data by Dual
Bio Amp (AD Instruments, Castle Hill. NSW, Australia) and a PowerLab
16/35 system (AD Instruments, Castle Hill. NSW, Australia) with 16-bit
A/D, respectively. Additionally, signals were harvested with 1.024 s
duration in sweeps and sampling frequency was 2 kHz. Notch filtering at
50 Hz was deployed to reject the noise from power line artifacts. LFP
signal analysis was processed through 1-100 Hz band-pass digital
filtering. For locomotor activity, a webcam mounted vertically on the
top of CPP apparatus was used to capture and monitor spontaneous
movement of animals. All data were stored in a PC computer through
LabChart 7.3.7 Pro software for offline analysis.

2.8.1. Locomotor activity analysis

Each video record of locomotor activities from individual mouse
deposited in a PC computer was analyzed to evaluate the animal
movement. The method was validated by using open source toolbox
OptiMouse (Ben-Shaul, 2017) to detect the translocation of center po-
sition of animal body. The basic principle of animal detection was
designed based on the contrast between black color of background (floor
& wall of the CPP apparatus) and white color of animals’ body. The
alternations of locomotor activity, tracking of animal exploration and
time spent in each compartment of the apparatus during the assigned
time period were the parameters to be specifically focused.

2.8.2. LFP signal analysis

PSD values were computed from LFP raw data stored in the LabChart
software by using the function of the Hanning window cosine transform
with 50% window overlap and 0.976 Hz of power spectra resolution.
The analysis of frequency power was processed by using Fast Fourier
transform (FFT) algorithm and expressed in powers of frequency domain
in 6 discrete frequency bands which included delta (1.0-3.9 Hz), theta
(4.7-8.7 Hz), alpha (9.8-12.7 Hz), beta (13.6-29.3 Hz), low gamma or
gamma I (30.0-44.9 Hz), and high gamma or gamma II (60.5-95.7 Hz).
Data were normalized as percent relative powers of particular frequency
range (P(p) by the following equation;

Ppjat Post—
condition — Py at Pre—

condition
Pyt Post x100

condition + P at Pre—
condition

% Relative power =

For coherence analysis, the values were obtained by running raw
data via toolbox Brainstorm3 (Tadel et al., 2011). Then, data were
normalized as percent relative coherence to quantify the strength of
signal communication between 2 separate brain regions in particular
frequency (Cp) according to the provided equation;

Cpjat Post—
condition — Cpat Pre—

condition
Cyat Post— x100

condition + Cjat Pre—
condition

% Relative coherence =

2.9. Statistical analyses

All parameters were analyzed and illustrated as mean + Standard

77



J. Nukitram et al.

Error Mean (SEM). For locomotor activities and CPP scores, two-way
repeated analysis of variance (ANOVA) was used to determine the in-
fluence of an interaction between two factors (Treatment x Condition)
followed by post hoc Bonferroni test for multiple comparisons. Condi-
tioning states were used as within-subject factors, and with or without
METH treatment considered as inter-subject factors defined as treat-
ment. The rest of parameters from considered brain regions induced by
drug treatment with statistically significant output were specified using
one-way ANOVA in comparison to data of control condition. Different
symbols were used to indicate significant differences at p < 0.05 ac-
cording to Tukey’s post hoc. Multiple comparisons were performed for
data expressed in %relative power and %relative coherence. All data
were analyzed using the temporarily available software GraphPad 7.0
(Graphpad Software, Inc., USA).

3. Results
3.1. Characteristic of KT alkaloid extract

The KT alkaloid extract appeared as a dark brown mass. The MT was
in-house isolated using silica gel column (Supp. Figure 1) and eluci-
dated. Details of MT structure elucidation were also described and
interpretated. The spectroscopic data are shown in Supp. Figure 2-3 and
Supp. Table 1. By HPLC analysis, the amount of MT accounted for 47.1
mg per g of the KT alkaloid extract. The HPLC fingerprint of KT alkaloid
extract is summarized in Supp. Figure 4. Amounts of 40 mg and 80 mg of
KT alkaloid extract were equivalent to 1.9 and 3.8 mg MT, respectively.

3.2. Animal movement and locomotor activity

The spontaneous movement of each animal was recorded for 15 min
for both pre-conditioning and post-conditioning phases. Videos that
captured mice exploration in the CPP apparatus were next analyzed and
displayed for locomotor tracking patterns and parameters of velocity
and time spent in each compartment. Locomotor speeds of each group
were averaged with 1 min-bin and illustrated (Fig. 2A). The results
revealed relatively higher speed during the first 5 min and slow down
movement after that. In order to avoid movement related effects on LFP
signal generation, the analysis of averaged speed during 15 min of data
recording was next performed. The results found that no alternation of
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speed in pre-conditioning and post-conditioning phases in all treatment
was seen. Two-way repeated measures ANOVA also confirmed a non-
significant difference of locomotor speed among groups [F(, 35 =
0.152, P = 0.961] and between pre-conditioning and post-conditioning
phases [F(4, 35) = 0.475, P = 0.754] (Fig. 2B).

3.3. CPP score

The effects of KT alkaloid extract and BP were measured during the
expression of METH CPP. Data were analyzed as locomotor tracking
patterns and CPP scores. Representative locomotor tracking of 5 groups
were shown in comparisons between different treatments and between
pre-conditioning and post-conditioning phases (Fig. 3A). During pre-
conditioning phases, all five groups appeared to explore and visit all 3
compartments relatively equally. During post-conditioning period,
control animals remained the same pattern exploring all 3 compart-
ments equally whereas METH + CMC group clearly preferred to visit
neutral and METH-paired compartments more than saline-paired
compartment. METH + KT40 group also visited saline-paired compart-
ment less than control group but more than METH + CMC group.
However, normal patterns were found in METH + KT80 group which
animals visited all 3 compartments equally. Unexpectedly, METH + BP
group clearly preferred METH-paired compartment more than the other
2 compartments.

Therefore, CPP scores were statistically analyzed (Fig. 3B). Two-way
repeated measures ANOVA revealed significant effects of condition [F4,
35) = 34.576, P < 0.001], treatment [F(4, 35) = 4.545, P = 0.005] and
treatment x condition interaction [F(4, 35)= 6.486, P < 0.001]. Multiple
comparisons using a post hoc Bonferroni test indicated significant in CPP
scores during post-conditioning phase in METH + CMC (P = 0.002),
METH + KT40 (P = 0.001) and METH + BP (P < 0.001) but not METH +
KT80 group compared with pre-conditioning score of each group. In
comparisons among groups during post-conditioning phase, significant
increases in CPP score were seen in METH + CMC (P = 0.001), METH +
KT40 (P < 0.001) and METH + BP (P < 0.001) but not METH + KT80
group compared to control level. Interestingly, addiction-related mice
treated with KT80 (METH + KT80) significantly attenuated the CPP
score as compared to post-conditioning phase of METH + CMC group (P
< 0.001). These data confirmed that METH at 1 mg/kg significantly
produced addictive behaviors. However, 80 mg/kg KT significantly

Fig. 1. Experimental protocol for inves-
tigation of KT alkaloid extract effects on
METH CPP. Animals were handled
( through the processes of a surgery for
LFP electrode implantation into the brain

1%w/y CMC

Omglg KT and a recovery period for at least 2
80 mg/kg KT K L

20 mgrkg BP weeks. Following the habituation, the

(p-0-) CPP paradigm consisted of 3 phases:
habituation and pre-conditioning, con-
ditioning, and post-conditioning period
scheduled on day 1-3, 4-13, and 14,
respectively.  On  post-conditioning
phase, animals were administered orally
with either 2 concentrations of KT alka-
loid extract or a standard drug bupropion
(BP) 60 min prior to testing of METH
CPP and LFP patterns.

0.9% w/v saline or
1 mg/kg METH (i.p.)

| Post-condition period -I
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ameliorated METH CPP in mice whereas a standard drug BP at 20 mg/kg
failed to suppress the CPP score.

3.4. LFP oscillation in the NAc and the HP

The effects of KT alkaloid extract and BP on LFP pattern in the NAc
and the HP during METH CPP were illustrated. Visual inspection was
performed to overview the oscillations of raw LFP signals (Fig. 4).
General patterns in the NAc were similar among groups during pre-
conditioning phase. Therefore, the patterns appeared to be different
during post-conditioning phase in which additional fast wave activity
were superimposed in METH + CMC and METH + BP groups. In the HP,
relatively similar patterns of LFP oscillation were seen among groups
both during pre-conditioning and post-conditioning phases.

Therefore, raw LFP signals in the NAc during post-condition in time
domain were computed and transformed into LFP power spectra (%
Relative power) in frequency domain. LFP power spectra of control,
METH + CMC, METH + KT40, METH + KT80, and METH + BP groups
were shown for comparison (Fig. 5A). Statistical analysis confirmed
significant differences found in delta [F(4, 35) = 4.458, P = 0.005], theta
[F(4, 35) = 5.194, P = 0.002], alpha [F4, 35) = 3.306, P = 0.021], gamma
I [F(4, 35) = 11.547, P < 0.001], and gamma II [F(4 35) = 5.512, P =
0.002] bands (Fig. 5B). Tukey’s post hoc analysis indicated a significant
increase in gamma I (P = 0.001) and decrease in gamma II (P = 0.012)
induced by METH conditioning. However, 80 mg/kg KT alkaloid extract
significantly reversed the increased gamma I power (P = 0.033). No
significant different was seen among control, METH + KT40 and METH

+ KT80 group for both gamma I and II. It was noted that METH + KT80
group significantly produced opposite effects to that of METH + CMC in
delta (P = 0.002), theta (P = 0.001), and alpha (P = 0.015) bands.
Moreover, METH + BP group produced significant differences from
control levels in gamma I (P < 0.001) and gamma II (P = 0.001). The
standard drug BP failed to reverse the effects of METH conditioning seen
in gamma I and II powers of METH + CMC group.

In the HP, LFP power spectra of these 5 groups were shown for
comparison. Dramatical differences among groups appeared to be seen
in slow frequency activities below 20 Hz (Fig. 6A). Relatively equal
powers were seen for higher frequency waves. One-way ANOVA
revealed significant differences only in delta wave [F(4, 35) = 10.660, P
< 0.001]. Multiple comparisons confirmed significant increases in delta
power seen in METH + CMC (P = 0.001) and METH + BP (P = 0.003)
groups compared to that of control and METH + KT80 groups, respec-
tively (Fig. 6B). Interestingly, this elevated delta power seen METH +
CMC group was significantly suppressed by the treatment with both 40
mg/kg (P = 0.001) and 80 mg/kg (P < 0.001) KT alkaloid extract.
Altogether, KT extract was found to prevent the increase in delta power
induced by METH-conditioning. This LFP pattern in the HP was posi-
tively correlated with the data of CPP scores that might reflect the
attenuation effect of the extract on the intensity of METH CPP.

3.5. The activities of the HP-NAc coherence

The effects of KT alkaloid extract and BP on coherence activity be-
tween the NAc and the HP during post-conditioning phase were
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Fig. 3. Locomotor tracking of animal exploration in CPP apparatus during pre-conditioning and post-conditioning phases. Locomotor tracking of representative
animals from each group were shown for comparison (A). Data of time spent in specific compartment were calculated and expressed as CPP scores for statistical
analysis for the effects of 40 mg/kg KT alkaloid (METH + KT40) (n = 7), 80 mg/kg KT alkaloid (METH + KT80) (n = 8), and a reference drug BP at 20 mg/kg (METH
+ BP) (n = 8), compared to that treated with vehicle (METH + CMC) (n = 7) (B). CPP scores were calculated by the subtraction of time that mice spent in METH-
paired zone with time spent in saline-paired zone. Data were expressed as mean + SEM. **, < 0.01, 0.001 for significant analyses using two-way repeated
ANOVA followed by post hoc Bonferroni test for multiple comparisons between pre-conditioning and post-conditioning phases. P < 0.01, ''P < 0.001 compared

with post-conditioning phase of control group. °P < 0.05, %P < 0.001 compared with post-conditioning phase of the METH + CMC group.

analyzed and compared among groups. Data were expressed as percent
relative coherence in frequency domain (Fig. 7A). The results showed
obvious differences in coherence activity mostly in a frequency range
approximately between 30 and 50 Hz. Therefore, statistical analyses
revealed significant differences only in gamma I band [F(4, 35, = 9.934,
P < 0.001] (Fig. 7B). Tukey’s poshoc test confirmed significantly
increased coherence values in gamma I band of METH + CMC group (P
= 0.022). However, this increased coherence was significantly reversed
only by treatment with KT80 (P = 0.031). No such effect was produced
by treatment with BP, a standard drug for METH withdrawal treatment.
Instead, METH + BP group was found to dramatically enhance the
coherence activity in gamma I band compared to control (P < 0.001).
The increased coherence produced by BP treatment was even further
than in METH + CMC group.

4. Discussion

The effects of KT alkaloid extract and BP were measured during the
expression of METH CPP. The present study highlighted that KT extract
completely prevented METH CPP and changes in LFP oscillations
induced by METH conditioning. At 80 mg/kg, KT alkaloid extract
exhibited significant effects on all parameters, which might suggest its
efficacies on both physical and mental symptoms. CPP score reflects
drug craving and seeking behaviors. In contrast, neural signaling
induced during the post-conditioning phase suggests the brain mecha-
nism underlying withdrawal symptoms.

Several mental disorders, including depression and anxiety, were
detected during METH and ethanol withdrawal periods (Embry et al.,

2009; Halpin et al., 2013; Kumarnsit et al., 2007a; Wearne and Cornish,
2018). Thus, potential substances for drug addiction treatment need to
be determined whether they have CNS action with anti-depressive and
anxiolytic effects. Previously, KT alkaloid extract was found to produce
an LFP pattern and effectively attenuate the severity of ethanol with-
drawal symptoms similarly to standard antidepressant drug fluoxetine
(Cheaha et al., 2015). KT aqueous extract also attenuated ethanol
withdrawal-induced depressive behavior, probably through its
antidepressant-like activity (Kumarnsit et al., 2007a). Therefore, KT
alkaloid extract and BP were hypothesized to effectively treat METH
dependence in this CPP paradigm.

In this study, the antidepressant BP was deployed as a reference drug
to compensate for dopamine (DA) depletion induced by METH expo-
sures. Changes in behavior, emotion, learning, and the cognitive process
are normally in response to DA depletion. BP was used to cure METH
dependent patients as a dopamine transporter (DAT) inhibitor, and in-
creases DA concentration in the synaptic cleft for stronger receptor
activation (Stahl et al., 2004). It was also expected to improve depres-
sive symptoms and mood swings during METH withdrawal period
(Elkashef et al., 2008). However, the present data showed that BP did
not prevent or attenuate behavioral change and neural signaling
induced METH conditioning (Figs. 3, 5 and 7). This may be discussed in
terms of METH concentration used for the CPP paradigm. Previously,
side preference in CPP paradigm induced by METH at 0.125-1.0 mg/kg
was diminished by pretreatment with high dose METH that would
induce neurotoxicity and decrease DA level in the striatum (STR)
(Achat-Mendes et al., 2005). The dose of METH at 1.0 mg/kg in the
present study was not likely to produce DA deficiency. It is possible that
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Fig. 4. Raw LFP signals of representative mice from each group during pre-conditioning (left panel) and post-conditioning (right panel) phases of control and METH
groups treated with vehicle (CMC), 40 mg/kg KT alkaloid, 80 mg/kg KT alkaloid and 20 mg/kg BP. Raw signals were recorded from the nucleus accumbens (NAc)

(top panel) and the hippocampus (HP) (bottom panel).

treatment with the DAT blocker could elicit excessively long lasting and
overstimulation on DA receptors in METH + BP group as seen in CPP
scores and LFP oscillatory patterns. Taken together, the alterations of
parameters during the post-conditioning phase might partially be
mediated through modulation in the DA system. Moreover, the present
findings were consistent with a previous report that the other DAT
blocker, methylphenidate (MTPD), also failed to produce beneficial re-
sults in the treatment of amphetamine/METH dependence (Miles et al.,
2013). These data may suggest that DAT blockers (e.g., BP and/or
MTPD) may be carefully used only in specific conditions of METH
dependence.

The expression of METH CPP has been found in response to a
memory-associated cue of METH exposures. Any drugs that alter animal
movement could have some impacts on CPP outcomes. Apart from
affecting CPP score, the fluctuation of animal’s locomotor activity was
also found to interfere with LFP signal generation and oscillation (Li
et al., 2012; Reakkamnuan et al., 2017). Therefore, it was necessary to
exclude this confounding factor. Previous data revealed that 80 mg/kg
KT alkaloid extract per se did not alter the animal’s locomotor activity
(Cheaha et al., 2017). It means that the KT alkaloid extract at this
concentration was clearly effective on METH CPP and clean from
disturbance produced by the motor activity of mice.

In traditional use, whole alkaloid constituents of KT are ingested by
chewing and drinking tea from KT leaves. The HPLC chromatograms
(Supp. Figure 4) illustrate the fingerprints of compound of the extract.
The phytochemical analysis confirmed the presence of MT as a major
alkaloid in the KT extract which is in agreement with previous investi-
gation (Cheaha et al., 2017). It has been reported that lyophilized tea
(containing 25 mg/g MT) exhibited better oral bioavailability than
feeding with MT alone (Avery et al., 2019). KT alkaloid extract, pre-
pared in this study, had 47.1 mg MT per gram extract and was also
administered orally to the mice.

CPP paradigm is a standard model routinely used for screening drug
candidates or herbal extract on addictive substances-induced reward

behaviors in experimental animals. Various psychostimulant drugs such
as METH, amphetamine, and cocaine were used as positive substances
that produced addictive behaviors (Bardgett et al., 2020; Nukitram
et al., 2021; Pandy et al., 2018; Shen et al., 2016). CPP is a form of
Pavlovian conditioning used to measure the motivational effects of
learning experiences (Cunningham et al., 2006). Pairing repeated drug
use with a specific environment is believed to link with the conditioning
context that the drug is delivered. Allowing animals to re-expose with
drug-related context after the condition development is able to trigger
craving behaviors. Animals were found to spend more time in the
environment that has contextual cue paired with addictive drug de-
livery. The present study clearly showed the increased CPP score of
METH + CMC group during post-conditioning phase. Fundamentally,
this phenomenon appeared to have underlying mechanisms in many
brain regions including the HP and the NAc functioning together as
neural networks (Ito et al., 2008). Previously, reward-seeking behavior
driven by the modulation of the HP-NAc axis has been also proposed
(Trouche et al., 2019).

LFP spectral powers have been extensively analyzed as quantitative
data for screening of unidentified new drug compounds in comparison to
that of standard drugs with known CNS action (Cheaha et al., 2015;
Dimpfel et al., 2016). In the present experiment, the increased gamma I
LFP power in the NAc and CPP scores were induced by METH contextual
cue. However, these parameters were significantly ameliorated by the
treatment with 80 mg/kg KT alkaloid extract. The activity of the gamma
1 frequency range in the NAc is believed to be related with DA release
and addiction. Basically, opioid receptor activation by its agonists such
as a significant KT alkaloid composition MT or even morphine, a stan-
dard addictive drug, in the ventral tegmental area (VTA) was found to
promote the over-release of DA as well as to increase gamma I in the
NAc. However, these phenomena were abolished by pretreatment with
naloxone, an opioid receptor blocker (Reakkamnuan et al., 2017). A
psychoactive substance such as pseudoephedrine was demonstrated to
have sites of action in both the NAc and STR of the dopamine pathway
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Fig. 5. Effects of the treatments on LFP
spectral powers in the NAc. Animals were
treated with KT alkaloid extract (40 and 80
mg/kg) and BP (20 mgrkg). Data were
normalized as percent relative power (A).
LFP spectral powers were divided into
powers of 6 discrete frequency bands (B). All
data were expressed as mean + SEM and
statistically analyzed using one-way ANOVA
followed by Tukey’s post hoc test. *P < 0.05,
**p < 0.01, ***P < 0.001 compared with the
control group. P < 0.05 P < 0.01
compared with the METH + CMC. “p <
0.001 compared with the METH + KT80.
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(Kumarnsit et al., 1999). Amphetamine and METH also activate gene
expression in the mesolimbic/mesostriatal pathways via D1 and D2
dopamine receptors (Wang and McGinty, 1995). Previously, the dorsal
raphe nuclei (DRn) is an origin of serotonergic projections that inhibit
dopaminergic nigrostriatal neurons (Bantick et al., 2005). A previous
report confirmed that the DRn was activated by KT extract (Kumarnsit
et al., 2007b) that would result in decreased dopamine release in the
NAc because the NAc is a major component of the ventral STR (Salgado
and Kaplitt, 2015). Additionally, the involvement of antidopaminergic
mechanism from methanolic extract of KT leaves evaluated by
measuring the DA level in the NAc was also evidenced (Vijeepallam
etal., 2019). Thus, KT extract might alleviate withdrawal symptoms and
decrease gamma I activity via reduced DA release in the NAc as a
mechanism.

The present study also showed the decreases in gamma II oscillation
in the NAc during post-conditioning phase only in METH + vehicle and
METH + BP groups. Actually, a wide range of gamma II activities in the
NAc have been evidenced (Reakkamnuan et al., 2017; Samerphob et al.,
2020). Gamma II oscillation was induced by palatable food cue in CPP
paradigm (Samerphob et al., 2020). This frequency band activity may be
associated with brain mechanism that supports seeking behavior driven
by CPP. Moreover, the positive correlation between gamma II oscillation
and neuronal coding of movement was also reported (Reakkamnuan
etal., 2017). The present CPP data clearly demonstrated that KT alkaloid
extract at the effective dose did not induce spontaneous psychoactive
effect. This was consistent with the previous report that 80 mg/kg KT
alkaloid extract did not alter the motor activities (Cheaha et al., 2017).

Altogether, these findings proposed the attenuation effects of KT alka-
loid extract on METH-induced addiction partially through dopaminergic
modulation. Gamma I and II oscillations were sensitive to METH
repeated exposures and treatment with KT alkaloid extract but not BP.

Following multiple exposures to METH sessions, significant changes
in delta oscillation in the HP were also highlighted. METH-induced
significant increase in HP delta power was consistent with the previ-
ous findings (Yusoff et al., 2016). The olfactory cue of palatable food was
found to increase delta power in the CAl, the sub-area of the HP
(Samerphob et al., 2017), HP delta activity was associated with memory
encoding through neocortical-hippocampal crosstalk both in animals
(Sirota et al., 2003) and human (Mitra et al., 2016). Delta oscillation in
the HP was hypothesized to be part of neural mechanisms related with
cognition and motivation. Changes in delta oscillation can be seen in
human in response to emotional stimuli (Bamidis et al., 2009) and in the
processing of reward-related condition (Yusoff et al., 2016). However,
the enhanced HP delta power in this experiment was significantly
reversed by KT alkaloid extract treatment. This result may partially be
the outcome of the CNS action of KT alkaloid extract on the
hypothalamic-pituitary-adrenal (HPA) axis. Basically, the HP is an
important brain region known to regulate stress response via the HPA
axis modulation (Herman et al., 2016). Having to face emotional stress
during post-conditioning phase would result in drug craving behaviors
as well as corticosterone (COR) secretion (De Vries et al., 1998). These
stress responses especially the HPA axis hyperreactivity and forced
swimming-induced COR secretion were reduced by the treatment with
MT, a major alkaloid from KT leaves (Idayu et al., 2011). Moreover, MT
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Fig. 6. Effects of the treatments with KT alkaloid
extract on LFP spectral powers in the HP. Ani-
mals were treated with KT alkaloid extract (40
and 80 mg/kg) and BP (20 mg/kg). Data were
normalized as percent relative power (A). LFP
spectral powers were divided into powers of 6
discrete frequency bands (B). All data were
expressed as mean + SEM and statistically
analyzed using one-way ANOVA followed by
Tukey’s post hoc test. **P < 0.01 compared with
the control group. /P < 0.01, P < 0.001
compared with the METH + CMG. P < 0.01
compared with the METH + KT80.
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was able to suppress HP delta and CPP score (Yusoff et al., 2016). These
findings may suggest the alternative mechanism that the HP delta
rhythm reflect the brain mechanism of motivation for METH seeking
behavior. With the mechanism of MT, KT alkaloid extract which con-
tains MT as a major alkaloid constituent would reduce stress, CPP score
and neural signaling patterns induced during METH post-conditioning
phase.

The regulation of each behavior may involve multiple brain areas
functioning in coordination. The interrelationship of the HP-NAc axis
was believed to mediate drug-related cue induced seeking behaviors
(Trouche et al., 2019). To assess the communication between separate
brain regions following drug treatment, coherence analysis, a mathe-
matical algorithm, was used to measure the strength of neural connec-
tion. The present data revealed that METH + CMC group increased both
percent relative coherence in gamma I frequency range and CPP score.
However, this coherence activity was completely reversed by 80 mg/kg
KT alkaloid extract. Previously, the HP was demonstrated to contain
neuronal population of place cells that selectively burst in response to
specific spatial contexts (Battaglia et al, 2004). This is the
evidence-based finding that strongly suggests the involvement of the HP
in the processing of spatial navigation (Jones and Wilson, 2005). With
the coherence activity, signaling information could be sent through the
projection from the CA1 region of the HP to the NAc (Zhou et al., 2020).
The analysis of firing rate confirmed that place cells in the HP fired
preferentially before reward-related neurons in the NAc. This finding
indicated that place-reward information was carried from the HP to the
NAc (Lansink et al., 2009). Ultimately, the interaction between the HP
and the NAc also plays a significant role in CPP acquisition (Ito et al.,
2008). Moreover, a modern investigation in this experiment also found

that LFP in the dorsal HP relatively exhibited high coherence value at
gamma [ band with the LFP in the NAc. This may be associated with the
processing of information in decision making and reinforcement-based
learning (Berke, 2009). This study suggests that the elevated CPP
score and coherence in gamma I frequency range were triggered by
neural signal of METH-associated cue sent from the HP to the NAc.
Therefore, KT80 treatment may help attenuate METH dependence and
reduce the inter-region connectivity.

5. Conclusion

In summary, the present study proposed beneficial effects of 80 mg/
kg KT alkaloid extract for treatment of METH dependence. The data
from CPP paradigm revealed that the extract successfully reversed
METH CPP scores. This would suggest therapeutic property of KT plant
in treatment of abnormal behaviors induced by METH dependence.
Moreover, the analyses of LFP power spectra and coherence also pro-
vided additional data for better understanding of possible brain mech-
anisms of KT alkaloid extract in attenuation of METH CPP. Taken
together, these findings strongly suggested that the KT alkaloid extract
has promising effects for further development as an alternative com-
pound for possible use in METH addicted patients.
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Fig. 7. Effects of the treatments with KT
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mean + SEM (A). Data of each group were
averaged in 6 discrete frequency bands (B).
Statistical analyses were performed using
one-way ANOVA followed by Tukey’s post
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