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PERANAN MADU TUALANG TERHADAP MODULASI TINDAK BALAS 

NOSISEPTIF DALAM TALAMUS MODEL TIKUS KEKURANGAN TIDUR 

REM 

ABSTRAK 

Kekurangan tidur REM telah dirumuskan boleh menyebabkan perubahan kepada 

tindak balas nosiseptif; walaubagaimanapun sebab dan kesannya masih kurang difahami. 

Kajian ini bertujuan untuk menyelidik kesan kekurangan tidur REM ke atas skor tingkah 

laku nosisiseptif, perubahan histologi, paras parameter tekanan oksidatif dan paras 

reseptor NMDA R2 di dalam talamus model tikus kekurangan tidur REM. Seterusnya, 

kajian ini juga mengenalpasti kesan madu Tualang terhadap parameter yang dikaji. 

Empat puluh lapan ekor tikus jantan Sprague Dawley telah dibahagikan secara sama rata 

kepada empat kumpulan (n=12); kawalan bebas-gerak (FMC), kekurangan tidur REM 

selama 72 jam (REMsd), kekurangan tidur REM selama 72 jam yang dirawat dengan 

madu Tualang (REMsdH) dan kawalan tangki (TC). Madu Tualang (1.2 g/ kg berat 

badan/hari) telah diberi secara oral selama tiga puluh hari sebelum prosedur kekurangan 

tidur REM dijalankan. Selepas tempoh eksperimen, ujian formalin dan ujian tingkah 

laku nosiseptif telah dilakukan. Tikus telah dikorbankan, dan talamus telah dikeluarkan 

untuk pemeriksaan histologi dan pengukuran paras parameter tekanan oksidatif dan 

reseptor NMDA R2. Kumpulan REMsdH menunjukkan penurunan yang ketara dalam 

ujian tingkah laku nosiseptif berbanding kumpulan REMsd (p<0.05). Bilangan neuron 

Nissl positif menunjukkan peningkatan yang ketara dalam REMsdH berbanding REMsd 

(p<0.05). Neuron gelap dapat dilihat dalam kawasan VPL pada kumpulan REMsd, tetapi 

tiada dalam kumpulan REMsdH. REMsdH menunjukkan peningkatan ketara (p<0.001) 
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dalam paras GSH, GR, SOD dan CAT tetapi penurunan ketara (p<0.001) dalam paras 

MDA dan reseptor NMDA R2 dalam talamus REMsdH berbanding REMsd. 

Kesimpulannya. pemberian madu Tualang dapat memberi kesan perlindungan terhadap 

kesan buruk akibat kekurangan tidur REM. 
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THE ROLE OF TUALANG HONEY IN MODULATING NOCICEPTIVE 

RESPONSES IN THE THALAMUS OF RAPID EYE MOVEMENT (REM) 

SLEEP DEPRIVATION RAT MODEL 

ABSTRACT 

Rapid eye movement (REM) sleep deprivation has been postulated to contribute 

to the alteration of nociceptive responses; however, the causes and effects are poorly 

understood. The aim of this study was to investigate the effects of REM sleep 

deprivation on nociceptive behaviour score, histological changes, the level of oxidative 

stress parameters, and the level of NMDA R2 receptors in the thalamus of REM sleep-

deprived rat model. Furthermore, this study also determined the effects of Tualang 

honey on the parameters investigated. Forty-eight Sprague-Dawley male rats were 

equally divided into four groups (n=12); free moving control (FMC), REM sleep 

deprivation for 72 hours (REMsd), REM sleep deprivation for 72 hours pretreated with 

Tualang honey (REMsdH) and tank control (TC). Tualang honey (1.2 g/kg body weight/ 

day) was given by oral gavage for 30 days prior to the REM sleep deprivation 

procedure. Following the experimental period, formalin test and nociceptive behaviour 

were conducted. The rats were sacrificed, and the thalamus was removed for histological 

examination and quantification of oxidative stress parameters and NMDA receptors 

levels. REMsdH group showed a significant decrease in nociceptive behaviour score 

compared to REMsd group (p<0.05). The number of Nissl-stained neurons was 

significantly higher in REMsdH compared to REMsd (p<0.05). Dark neurons were 

observed in the VPL region of the REMsd group but not in the REMsdH group. 

REMsdH showed a significant increase (p<0.001) in GSH, GR, SOD, and CAT levels 
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but a significant decrease (p<0.001) in MDA and NMDA R2 levels in the thalamus 

compared to REMsd. In conclusion, the administration of Tualang honey has protective 

effects against the adverse effects of REM sleep deprivation. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Sleep has a vital role in life and is important for homeostasis (Mir et al., 2019). There 

are two stages of sleep, rapid eye movement (REM) sleep and non-REM sleep (Huang et 

al., 2020). Sleep deprivation has become public health challenges (Chattu et al., 2019). 

Studies have shown the association of sleep deprivation with atherosclerosis (Cherubini 

et al., 2021) and multiple cardiovascular diseases (CVD) risk factors, including diabetes 

(Khandelwal et al., 2017) and hypertension (Li et al., 2020b). Sleep deprivation may 

lead to difficulties in concentration, visual disturbances, slower reaction time, poor 

memory (Silva et al., 2004), and may alter pain response. Studies on humans have 

shown the association of sleep deprivation with increased pain perception (Schrimpf et 

al., 2015; Iacovides et al., 2017) and pain responses such as neuropathic pain and 

fibromyalgia syndrome (Zelman et al., 2006; Mork and Nilsen., 2012). 

REM sleep deprivation in human subjects has been reported to cause changes in the 

electroencephalogram (EEG) power spectra (Liu et al., 2021) and increased pain 

responses (Azevedo et al., 2011). In animal studies, REM sleep deprivation has been 

linked to increased c-fos (Terao et al., 2003), hyperalgesia (Ajao, 2011) and nuclear 

Downstream Regulatory Element Antagonistic Modulator (DREAM) protein expression 

in the thalamus (Siran et al., 2014). Various neurochemical changes have been reported 

to contribute to the modulation of pain responses, including alteration of serotonergic 

and GABAergic neurons, which are involved in the modulation of descending pain 
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pathway (Tao et al., 2019; Wei et al., 2020). Stressful conditions, including sleep 

deprivation, can cause an uncontrolled release of reactive oxygen species (ROS). 

Increased ROS can lead to cell dysfunction, tissue degeneration and modification of 

body physiological function. REM sleep deprivation has been linked to alteration of 

body physiology that is mainly caused by a high level of ROS (Pandey and Kar, 2018). 

However, the exact mechanism is still unknown. REM sleep deprivation have been 

shown previously to cause oxidative stress in the hippocampus (Ramanathan et al., 

2002), hypothalamus, midbrain and hindbrain of rats (Mathangi et al., 2012).  

The release of glutamate is modulated by the continuous firing of peripheral nociceptors 

that unblocks magnesium ions and activates the N-methyl-D-aspartate (NMDA) with a 

massive influx of calcium ions (Miller et al., 2011). The imbalance concentration of 

calcium ions disrupted the homeostasis of intracellular calcium ions (Maneshi et al., 

2017). The hyperalgesia in inflammatory animal pain model was also modulated by N-

methyl-D-aspartate (NMDA) receptors in the thalamus (Kolhekar et al., 1997; Hasim et 

al., 2020). The association between oxidative stress and the activation of NMDA 

receptors has been reported earlier (Brittain et al., 2012; Reyes et al., 2012). Thalamus is 

an important structure in the pain pathway that involves in the modulation of acute and 

chronic pain (Abd Aziz et al., 2005; Abd Aziz and Ahmad, 2006). Thalamus is involved 

in the transmission of nociceptive information from the peripheral nervous system to the 

central nervous system for characterisation and localisation of nociceptive stimuli.  In 

this study, ventral posterolateral (VPL) region of the thalamus was studied as the 

neurons of this region involved in synapsed activity (third-order neurons) of 

spinothalamic tract in ascending pain transmission (Al-Chalabi et al., 2020). Reports 
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have shown that REM sleep deprivation caused changes in thalamocortical functional 

connectivity in animal study (Shao et al., 2014), reduced thalamic grey volume in animal 

study (Somanath et al., 2021) and reduced thalamic grey volume in healthy volunteers 

(Liu et al., 2013). However, only a few studies focus on the effect of oxidative stress in 

the thalamus due to REM sleep deprivation. 

Tualang honey administration in rats has been extensively studied as it may provide 

protective effects in oxidative stress (Erejuwa et al., 2010), inflammatory pain (Bashkran 

et al., 2011) and anticancer (Khalid et al., 2018). In comparison to other types of honey, 

Tualang honey is more effective as it contains higher flavonoids and phenolic content 

(Kishore et al., 2011; Khalil et al., 2012). Tualang honey’s anti-inflammatory and 

antioxidant properties would benefit changes caused by REM sleep deprivation in rat 

models. Al-Rahbi et al. (2014) stated that Tualang honey modulates anxiety-like 

behaviour by its antioxidant property. Other than that, Tualang honey also minimises 

oxidative stress in the brain (Erejuwa et al., 2010) and protects brain morphology 

(Othman et al., 2015). Previous work by Hasim et al. (2020) revealed that administration 

of Tualang honey reduced pain behaviour score, improved morphology of neurons, 

reduced oxidative stress and levels of NMDA in the thalamus in offspring prenatally 

stressed rats. However, it remains unknown whether Tualang honey administration 

could provide a protective effect against the alteration of the thalamus due to REM sleep 

deprivation. 
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1.2 Problem statement 

While there have been several studies on the effect of REM sleep deprivation on pain 

responses in various brain regions, the exact effects of REM sleep deprivation in the 

thalamus have yet to be published.  It is not known whether REM sleep deprivation can 

cause changes in the pain score, oxidative stress level and NMDA level in the thalamus 

and whether Tualang honey administration during REM sleep deprivation has any 

protective effects on the nociceptive behaviour score, histology of thalamus, level of 

oxidative stress and level of NMDA receptors in the thalamus of REM sleep deprivation 

rat model. 

1.3 General objectives 

To evaluate the effects of REM sleep deprivation on nociceptive behaviour score, 

histological changes, oxidative stress parameters, and NMDA receptor level in the 

thalamus, and whether administration of Tualang honey would give protective effects in 

the rat model. 

1.4 Specific Objectives 

1. To determine the effect of REM sleep deprivation on nociceptive 

behaviour score in adult rats. 

2. To determine the effect of REM sleep deprivation on histological changes 

of the thalamus in adult rats. 

3. To determine the effect of REM sleep deprivation on the level of 

oxidative stress parameters in the thalamus of adult rats. 
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4. To determine the effect of REM sleep deprivation on the level of NMDA 

R2 in the thalamus of adult rats.  

5. To determine the effects of Tualang honey on the parameters investigated 

in REM sleep deprivation rat model.  

1.5 Hypothesis of the study 

It is hypothesised that Tualang honey administration could reduce the nociceptive 

behaviour score, improved histology of the thalamus, reduced the levels of oxidative 

stress and NMDA R2 in the thalamus of the REM sleep-deprived rat model. 

1.6 Justification of the study 

REM sleep deprivation has been linked to oxidative stress and the activation of NMDA 

receptors in the central nervous system; however, the exact mechanisms of REM sleep 

deprivation leading to alteration of nociceptive response in rats are poorly understood. 

Whether REM sleep deprivation may affect the nociceptive behaviour score, the 

histology, the level of oxidative stress and the level of NMDA receptors in the thalamus 

need to be investigated. In addition, it is unknown whether there are protective effects of 

Tualang honey administration on the nociceptive behaviour score, histology, level of 

oxidative stress and NMDA receptors in the thalamus of REM sleep deprivation rat 

model. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Sleep 

Sleep duration and quality are important health determinants. Sleep plays a crucial role 

in regulating emotion, learning and memory (Perry et al., 2013). Reduced 

responsiveness to external stimuli, minimal body movement, reduced breathing rates, 

and stereotypic posture are characteristics of sleep (Roehrs and Roth, 2019). 

Polysomnography (PSG), electrooculography (EOG), electrocardiography (ECG), 

electroencephalography (EEG), and electromyography (EMG) are instruments that can 

be used to determine the alteration of body position and brain wave architecture (Carley 

and Farabi, 2016). Sleep initiation and maintenance required the suppression of 

ascending arousal system activity by inhibitory neurons in ventrolateral preoptic 

(VLPO), which remains active throughout sleep. In addition, the suprachiasmatic 

nucleus sent signals to VLPO regions, which play an essential role in the central 

circadian clock. 

2.1.1 Stages of sleep 

Sleep is subdivided into rapid eye movement (REM) sleep and non-REM sleep (NREM) 

(Huang et al., 2020). Non-REM sleep consists of three stages; Stage 1 (N1), Stage 2 

(N2) and Stage 3 (N3). N1 is light sleep with theta waves ranging from 0 to 7 Hz. 

Meanwhile, stage N2 is marked with the presence of spindles waves and K-complexes. 

Stage N3 is also known as slow-wave sleep with theta waves ranging from 0.5 to 3 Hz. 

The skeletal muscle tone is the lowest during REM sleep stage, and it has a sharp theta 
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waves or wake-like EEG patterns. The cyclical sleep process begins with non-REM 

sleep and REM sleep occurring every 60 to 90 minutes throughout the night, as shown in 

Figure 2.1 (Scamell et al., 2017).  

 

Figure 2.1 A hypnogram of the sleep cycle in a healthy young adult throughout the 

night. The sleep phases were cyclically alternated every 90 minutes from non-REM 

sleep to REM sleep. Modified from Scamell et al. (2017). 

 

 

 

 

 

 



8 
 

2.1.2 Physiological changes during REM sleep 

REM sleep phase was first identified by Aserinsky and Kleitman in 1953 (Shepard et al., 

2005). REM sleep is characterised by decreased higher voltage activity during the non-

REM sleep period, measured using EEG. The EEG of REM sleep is similar to that of the 

waking state as the subject experienced a vivid dream during REM sleep. REM sleep is 

also known as paradoxical sleep because animals remained asleep and unconscious 

during this phase, but their EEG activities resembled a waking state. The muscles also 

become atonia during REM sleep, as evidenced by EMG. Other changes during REM 

sleep include irregular heart and respiratory rates, which do not occur during non-REM 

sleep (Siegel, 2005).  

A sufficient amount of REM sleep is important for brain function, memory and learning. 

Peever and Fuller (2017) reported that during REM sleep, the twitches of muscle helped 

activate brain regions such as the hippocampus, cerebral cortex and red nucleus that is 

important for sensorimotor development. Previous studies have demonstrated the key 

roles of REM sleep in learning and memory as REM sleep is involved in the 

maintenance of new synapses involved in motor learning and the strengthening of newly 

formed postsynaptic dendritic spines (Peever and Fuller, 2017). REM sleep is essential 

for normal physiological function, such as for body temperature homeostasis. REM 

sleep is also important in normal physiological functions regulated by neurons in the 

brainstem, such as the essential role in emotion and protective effects toward stress 

situations in animal models. Besides memory consolidation, REM sleep is required for 

internal stimulation of adaptive behaviour after stressful situations (Suchecki et al., 

2012). 
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2.1.3 REM sleep deprivation methods 

Numerous methods to induce REM sleep deprivation in animals have been reported, 

including the classical single platform, double platforms, multiple small platforms 

(MSP), gentle handling, electrical stimulation  and disk-over-water (Mohmed Nor et al., 

2021). Single classical, double platforms and MSP used platforms in a glass tank, often 

an inverted flowerpot. The water is added and the level of the platform is one cm above 

a pool of water. Single classical, double platforms and MSP used one, double and 

multiple platforms (3 to 5 cm in diameter) respectively, placed at the center of the glass 

tank (Villafuerte et al., 2015). Animals lose their muscle tone during REM sleep and 

cannot keep their bodies on the platform, falling into the water and waking up 

immediately. Water and food were available ad libitum (Villafuerte et al., 2015). Many 

studies have utilised platform methods to evaluate the effects of REM sleep deprivation 

on the oxidant-antioxidant status in the hypothalamus (D’Almeida et al., 2000), 

behaviour (Hanlon et al., 2005), lipid peroxidation (Thamaraiselvi et al., 2012), 

endothelium (Nawi et al., 2020) and memory (Jung and Noh, 2021). 

2.1.4 Regulation of REM sleep 

The thalamus plays a key role in sleep and circadian rhythm. During REM sleep, 

functional neuroimaging proved that the thalamus nuclei remained active and relayed 

sensory information to the cerebral cortex (Jan et al., 2009). Other than that, the 

interaction between the reticular nucleus of the thalamus and thalamocortical neurons is 

involved in the production of rhythmic activity of sleep spindles during NREM sleep. 

During the early discovery of REM sleep, researchers believed that a neural circuit in the 
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pons was responsible for the regulation of REM sleep. However, discoveries had 

speculated that glutamatergic neurons in the sublaterodorsal nucleus (SLD) of the pons 

play a primary role in generating REM sleep.  

Recent studies have also defined three pedunculopontine and laterodorsal tegmental 

nuclei (PPT/LDT) neurons population, which are cholinergic neurons, glutamatergic 

neurons and GABAergic neurons that are responsible for the transition of non-REM to 

REM and the regulation of REM sleep (Scammell et al., 2017). The transition from non-

REM sleep to REM sleep started with the firing of cholinergic neurons. Cholinergic 

neurons such as acetylcholine were abundant in the dorsal pons during REM sleep 

similar to waking state. Meanwhile, glutamatergic neurons in the SLD are responsible 

for generating muscle atonia during REM sleep. The release of glutamatergic neurons 

stimulates GABAergic/glycinergic neurons in the ventromedial medulla and spinal cord 

that hyperpolarise motor neurons and cause muscle paralysis (Scammell et al., 2017). 

The REM sleep promoting and suppressing pathways are shown in Figure 2.2. 

2.1.5 Relationship between sleep deprivation and pain 

Sleep deprivation can be due to decreased quantity or quality of sleep (Medic et al., 

2017). Decreased quantity occurs when the total time of sleep is reduced. Meanwhile, 

decreased quality of sleep occurs when there is arousal in the sleep fragmentation. Sleep 

deprivation is an important issue because it leads to decreased alertness and 

performance, and health problems (Cirelli and Tononi, 2019). Sleep deprivation was 

reported to increase pain perception (Schrimpf et al., 2015; Iacovides et al., 2017). 

Furthermore, sleep deprivation is associated with increased pain responses in patients 
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with chronic pain such as neuropathic pain and fibromyalgia syndrome (Zelman et al., 

2006; Mork et al., 2017). Sleep deprivation has been linked to increased nociceptive 

responses in animals (Onen et al., 2001) and human studies (Lautenbacher et al., 2006; 

Roehrs and Roth, 2006). Animal studies have reported that REM sleep deprivation was 

associated with increased c-fos (Terao et al., 2003), hyperalgesia (Araujo et al., 2011) 

and increased nuclear DREAM protein expression in the thalamus (Siran et al., 2014). 

However, very few studies have demonstrated changes in the thalamus that may 

contribute to the modulation of pain responses following sleep deprivation. 
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Figure 2.2 REM sleep promoting pathways (blue) and REM sleep suppressing pathways 

(green).  During REM sleep, pedunculopontine and laterodorsal tegmental nuclei are 

involved in the firing of cholinergic neurons that stimulate REM sleep and fasten brain 

waves. GABAergic neurons of SLD and medulla inhibit the activity of ventrolateral 

periaqueductal gray. During non-REM sleep, GABAergic neurons of the ventrolateral 

periaqueductal gray and adjacent lateral pontine tegmentum, and monoaminergic 

neurons of the locus coeruleus and raphe nuclei inhibit the activity of SLD. Adapted 

from Scammell et al. (2017).  

DPGi: dorsal paragigantocellular reticular nucleus; LPGi: lateral paragigantocellular 

nucleus; GiV: ventral gigantocellular reticular nucleus; GiA: alpha gigantocellular 

reticular nucleus. 
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2.2 Pain 

2.2.1 Definition of pain 

The definition of pain is “an unpleasant sensory and emotional experience associated 

with, or resembling that associated with, actual or potential tissue damage” in the 

International Association for the Study of Pain (International Association for the Study 

of Pain., 2020). Pain is a symptom of underlying conditions such as tissue injury, 

fibromyalgia and painful diabetic neuropathy.  

2.2.2 Nociceptor 

A nociceptor is a pain receptor that responds selectively to noxious stimuli in the form of 

thermal, chemical and mechanical (Gold and Gebhart, 2010). Nociceptors can be found 

in the periphery (skin) and the visceral organs. The nociceptors at the peripheral nerve 

endings are formed by primary afferent Aδ and C fibers (Reddi et al., 2013).  Aδ is a 

myelinated fiber, whereas C-fiber is unmyelinated. The nodes of Ranvier present in the 

myelinated fibers facilitated the propagation of impulses and increased the conduction 

velocity of impulses (Yam et al., 2018).  

2.2.3 Neurotransmitter in the transmission of pain 

Neurotransmitter is a chemical messenger released by one neuron at a synapse. The 

neurotransmitter will bind to postsynaptic receptors of the second neuron and produce 

changes to the postsynaptic membrane potential. There are two types of 

neurotransmitters, which are known as excitatory neurotransmitter and inhibitory 

neurotransmitter. The excitatory neurotransmitters are involved in conducting signals for 

the transmission of pain impulses. Inhibitory neurotransmitters, on the other hand, may 
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inhibit the process of pain transmission. Chemical neurotransmitters involved in pain 

transmission are varies, as listed in Table 2.1 (Steeds, 2016). 

Table 2.1  The classification of neurotransmitters 

Class Neurotransmitters 

Excitatory Inhibitory 

Amines  Adenosine 

triphosphate (ATP) 

 Noradrenaline 

 

Endogenous opioid 

peptides 

 None  Enkephalins 

Non-opioid peptides  Substances P  Galanin 

Amino acids  Glutamate  Gamma aminobutyric 

acid (GABA) 
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2.2.4 Pain pathways  

The major pain pathways are the spinothalamic and spinoreticular tracts. The first 

pathway is the spinothalamic tract (Figure 2.3). The spinothalamic tract carries 

information from primary afferent fibers, which synapse with the second-order neurons 

in the dorsal grey horn of the spinal cord. The second-order neurons cross to the 

opposite side two segments above the level of entry via the anterior white commissure 

and ascend upwards to the thalamus. In the thalamus, the second-order neurons synapse 

with third-order neurons. The third-order neurons project and terminate at the 

somatosensory cortex. The neurons project to various brain regions, including the 

prefrontal cortex, somatosensory cortices and cingulate cortex for pain perception before 

interacting with the basal ganglia and cerebellum that are important for motor function.  

The spinothalamic tract also projects to the brainstem, hypothalamus and limbic system 

(Al-Chalabi and Reddy, 2020).  

The second pathway is the spinoreticular tract. The spinoreticular tract consists of fibers 

that travel through the reticular formation, formed by the midbrain, pons and medulla, 

before ascending to the ventral posterior nuclei of the thalamus and the cerebral cortex 

(Almeida et al., 2004; Swenson, 2006). The spinoreticular tract of pain pathways plays 

an important role in emotionally disturbing pain (Fregoso et al., 2019). Projection to the 

reticular formation will activate periaqueductal gray (PAG), which form descending 

pathways. These pathways are involved in the modulation of pain transmission (Mokhtar 

and Singh, 2020). 
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Figure 2.3 Spinothalamic tract of the pain pathway. Modified from Dudley (2021). 
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2.2.5 Modulation of pain 

Pain information has to undergo various processes, including transduction, transmission 

and modulation, before it can be perceived (Sharma and Das, 2018), as shown in Figure 

2.4. Transduction of pain occurs with activation of nociceptors due to stimulation by 

noxious stimuli, while transmission of pain information occurs through the peripheral 

afferent fibers and ascending pain pathways. The neurons project to various brain 

regions, including the prefrontal cortex, somatosensory cortices and cingulate cortex for 

pain perception. 

Modulation of pain information can occur in the periphery and central levels. Pain 

modulation may result in inhibition or facilitation of impulse transmission (Steeds, 2016; 

Yam et al., 2018). At the periphery, reduced threshold of nociception and augmented 

response of afferent nerve fibers refers to peripheral sensitisation that leads to primary 

hyperalgesia, which means increased stimulus-dependent pain. Peripheral sensitisation 

can occur in the presence of tissue/nerve injury or inflammation. The release of 

neurotransmitters and endogenous chemicals from peripheral nerve endings and injured 

tissue will activate peripheral sensitisation. Bradykinins, prostaglandins and extracellular 

ATP are the pro-nociceptive mediators involved in nociception (Wei et al., 2020). 

Meanwhile, at the spinal cord, segmental inhibition and descending inhibition may 

reduce the transmission of pain information. Segmental inhibition can be performed by 

the inhibitory interneurons that inhibit the conduction of impulses (Steeds, 2016). Gate 

control theory is another proposed mechanism that inhibits the conduction of impulses to 

the brain (Moayedi and Davis, 2013; Solepure, 2020). 
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Figure 2.4 The transduction, transmission, modulation and perception of pain pathways. 

Adapted from Sharma and Das (2018).  
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2.2.5(a) Gate control theory 

Melzack and Wall proposed Gate control theory of pain in 1965, as shown in Figure 2.5. 

There are two regions of cells in the dorsal horn of the spinal cord that are involved in 

pain transmission, which are the cells of substantia gelatinosa and “transmission” cells. 

The transmission of sensory signals from primary afferent neurons through substantia 

gelatinosa that acts as a gate to the transmission cells in the spinal cord. Activities of 

small and large fibers control the opening and closing of the gate. Activation of large 

fibers such as Aβ fibers stimulates the closing of the gate. Meanwhile, activation of 

small fibers such as C fibers stimulates the opening of the gate. The gate “opens” when 

the signal elicited is above the threshold and activates pain and its related behaviour. If 

the large and small fibers are activated simultaneously, the gate will be closed. Although 

both Aβ and C fibers stimulate transmission cells, impulses from Aβ will activate the 

inhibitory interneurons leading to the closure of the gate (Moayedi and Davis, 2013; 

Solepure, 2020). 

 

 

 

 

 



20 
 

 

Figure 2.5 Gate control theory by Melzack and Wall. The activation of non-nociceptive 

A-fiber stimulates substantia gelatinosa neurons that inhibit synaptic transmission 

resulting in inhibition of pain transmission. However, the activation of nociceptive C-

fiber inhibits substantia gelatinosa neurons and stimulates synaptic transmission 

resulting in pain transmission. Modified from Sufka and Price (2002).  
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2.2.5(b) Descending inhibition 

The periaqueductal gray (PAG) is the brain region involved in pain modulation. The 

ascending pain pathways also project to the PAG. When the ascending pathways 

transmit the pain information, PAG will be activated. Descending inhibition by PAG is 

related to its connection with rostroventromedial medulla (RVM). When RVM receives 

dense input from PAG, it conveys the signal through the descending fibers that terminate 

in the dorsal horn of the spinal cord. PAG-RVM has a close relationship and the most 

studied circuit in descending pain modulation (Chen and Heinricher, 2019), as shown in 

Figure 2.6. The neurotransmitters in descending inhibition pathway are noradrenaline, 5-

hydroxytryptamine (5HT), serotonin, dopamine, enkephalins and B-endorphin.  

Descending pathways inhibit the transmission of pain by activating inhibitory 

interneurons in the spinal cord (Squire et al., 2003) and inhibiting nociceptive neurons in 

the dorsal horn (Ossipov et al., 2010; Bannister and Dickenson, 2016). 

2.2.6 Sensitisation of pain 

2.2.6(a) Central sensitisation 

Central sensitisation occurs with repeated stimulation of C fibers that lead to a prolonged 

response of the dorsal horn after nerve injury. Central sensitisation also increased 

membrane excitability and synaptic efficacy in pain transmission. Changes in neuronal 

signalling, such as activation of the N-methyl-D-aspartate (NMDA) receptor and release 

of nitric oxide and neurokinins in the dorsal horn despite local inhibition by GABA and 

glycine, resulted in a reduction in pain signalling threshold. The persistent C-fiber 

nociceptors firing leads to the release of glutamate, which acts on NMDA receptors in 
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the spinal cord and unblocks magnesium ions from the NMDA receptor (Bennett, 2000).  

There are also changes in the structural rewiring in the dorsal horn of the spinal cord, 

including the degeneration of C-fiber and sprout of Aβ (fine touch) fiber in substantia 

gelatinosa (lamina II).  Sprouting of Aβ to lamina II leads to access to C fibers leading to 

the activation of substance P and excitatory amino acids that bind to neurokinin-1 (NK1) 

and NMDA receptors that cause wind up phenomena that increase in the excitability of 

spinal cord neurons (Hoseini et al., 2006). The structural changes of the dorsal horn and 

loss of nerve growth factor lead to allodynia in patients (Latremoliere and Woolf, 2009; 

Steeds, 2016). Central sensitisation also reduced the activity of descending modulation, 

contributing to enhanced pain responses (Latremoliere and Woolf, 2009). 
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Figure 2.6 The modulation of pain between periaqueductal grey and rostroventromedial 

medulla (PAG-RVM). Modified from Chen and Heinricher (2019). 

*         Ascending pathways (example: Spinothalamic and spinoreticular tract) 

Descending modulation (example: gate control theory and descending inhibition) 
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2.2.7 Animal pain models 

There are multiple animal pain models and the selected model in an experiment must be 

appropriate depending on the research objectives. Pain in the animals is assessed by 

observing behavioural responses following stimulation of the animal with a chosen 

stimulus. The pain tests are categorised into reflexive and non-reflexive tests. Examples 

of reflexive tests are tail flick test and hot plate test in which thermal stimulus is applied 

to the animals. Meanwhile, the non-reflexive test is spontaneous pain behaviour 

observed after chemical stimulation, such as injecting the animal with formalin, 

carrageenan, or acetic acid (Gregory et al., 2013). Primary hyperalgesia is indicated by 

changes in threshold and responses to stimuli. Meanwhile, secondary hyperalgesia is 

indicated by the changes outside the site of application or injury (Gregory et al., 2013).   

2.2.7(a) Reflexive pain tests 

In this type of test, pain is triggered by applying heat, cold, or mechanical stimuli. This 

test activates the nociceptors in the stimulated area and produces a localised pain 

response. 

2.2.7(a)(i) Tail flick test 

The earliest test of pain was introduced by D’Amour and Smith in 1941, which was the 

tail flick test. In the tail flick test, the rat’s tail was placed on a hot plate and the time 

taken for the rats to avoid the stimuli was measured (Gregory et al., 2013). However, the 

tail flick test can be applied with the interval of five minutes rest between each 

evaluation. The tail flick test was a commonly used nociceptive test in rodents (Le Bars 

et al., 2001).  
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