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Abstract



Trigeminal Neuralgia (TN) is an attacking, abrupt and electric-shock headache in the realm of one or two branches of trigeminal nerves. It is one of the most severe neuropathic pains ever known. By considering main known regions of the brain involved in TN, we made a conceptual model named TN pain neuro matrix. Then we took an external stimulation into account and assayed the different possible approaches about how it may be concluded to pain relief.
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Introduction




Pain is not a specific clear located dysfunction. Sensory, motor, associative, autonomous, and limbic systems are involved in the processing of pain [1]. Somatosensory (S1, S2, Insula), limbic (Insula, ACC) and associative (PF) structures receive parallel inputs from multiple nociceptive pathways [2]. The sensory-discriminative aspect of pain may consist of the primary somatosensory cortex (S1)	[3-7], secondary somatosensory cortex (S2) [4,6] and sensory nuclei of thalamus [3,6,8]. Another aspect of pain is the affective motivational and emotional dimension of pain, which also consists of limbic system (ACC and insula [2,6,9,10]) and diverse structures such as ACC [2,4,6-11], PCC [1], PF [2,8], PAG [2,8], medial nuclei of thalamus [4,6,11,12] beside intralaminar nuclei [8], insula (IC) [6,8-10], amygdale [8,13], PB nucleus and hypothalamus [8].



The TN is one of the most severe neuropathic pain [14]. It causes unbearable pain in the region of eye, forehead, and jaw, in the ear, or mouth and face that is almost on one side of the face [15]. Some studies have shown that in some cases, the reason of pain might be growing the blood vessel called SCA that causes duress and vibration on the trigeminal ganglion near pons (middle part of the brainstem) connection. Therefore, this force cause transmitting some improper sensory signals to thalamus that makes pain happens. Although, the main reason of TN remains idiopathic.



There are several studies about pain and rare about TN. We can divide them into some categories. Some of the studies perform specific experiments to assess the amount of pain in different groups or therapeutic methods. For pain assessment, usually, the VAS, nBR, and PREP are measured, like [16]. In some other studies, pain pathways and different regions that involve in pain processing have been investigated. These studies may utilize MRI or H-MRS. In one study, the gray matter volume reduction has been found using MRI. The results of these studies led to find regions correlated with pain [17]. Some other studies have investigated the pain mechanism in cellular biology [18]. The results of these studies show the pathology and pathogenesis of TN. On the other hand, there are some studies that have suggested some pain processing mechanism [19].



According to the results of previous studies, there are different approaches to TN therapy. The first treatment is using medicines like carbamazepine. Another therapy is surgical interventions like the micro-vascular decompression and stereotactic radiotherapy [20]. Transcranial direct current stimulation (tDCS) is another option that has been recently used for pain relief. It is a non-invasive therapy. In this method, a weak electrical direct current (usually 1 or 2mA) has been applied to stimulate a specific part of the scalp [20,21]. This method has been also used for pain reduction in people who suffer from TN. Stimulation of motor cortex (M1) is more common among other regions of the brain [20,22,23]. Although the positive effect of tDCS on pain relief has been shown, the main neurobiological mechanism of this method has not been completely understood yet. In this study, considering the results of previous studies involved brain regions in TN, we have proposed a conceptual model consisting some well-known regions called TN neuromatrix. Then, according to the model, we have provided some suggestions about the possible effect tDCS.





Methods





Putting the blocks of involved parts of the brain together, we developed a pain neuromatrix diagram. However, it contains the substantial blocks. Because considering the whole parts of the brain that are involved in pain processing is so sophisticated and need much more elaboration.


Pain pathway






There are several parts of the brain that involve in pain processing. As mentioned above, TN begins from the root of the nerve and trigeminal ganglion (TG) that involved in pain processing pathway [12]. On the other hand, somas of face neurons are in TG and somas of other neurons are in DRG region of dorsal spinal. Trigeminal afferents project by means of the trigeminal ganglion to the mesencephalic nucleus, the principal sensory nucleus (PSN), the interstitial nucleus of the spinal trigeminal tract (ISVT), and the spinal trigeminal nucleus (STN) [24]. So if the signals come from the face, they directly go to the brainstem and then project to the brain. Also, Vc near pons is trigeminal brainstem sensory nucleus [7]	that receives not only pain signals from trigeminal ganglion (5th cranial nerve), but also 7th, 9th and 10th cranial nerves [25].



Brain stem: After trigeminal ganglion, the nociceptive signals reach to different parts of the brainstem [26,27]. Brainstem consists of many diverse regions participating in pain pathway like reticular formation [8,13]. Brainstem has the role of consciousness and awareness of pain [8],blocking input signals some deal, heart rate and blood pressure and respiration regulation (that may be due to its nuclei connectivity to hypothalamus and amygdala) [8]. Reticular formation has a reciprocal connectivity with amygdala[13]. Medulla in the lower part of the brainstem in the pain pathway [3,7,27-29] that also innervated from PAG [28]. Pons is in the higher region of the brainstem [3,24,27] that receive signals from ISVT [24]. Brainstem also consists of trigeminal nuclei [3,7,12,16,24,30], PB nucleus, and PAG. Brainstem projects signals to different nuclei of thalamus [7,28] especially VPL,VPM regions [3,8,12], and amygdale [13]. Para-brachial nucleus (PB) is between midbrain and pons that has connections to thalamus [8,13], to amygdale [1,2,8,13], and to hypothalamus [2,8,13,28].



Peri-aqueductal gray (PAG): Peri-aqueductal gray or PAG is one of the substantial main parts of the pain-mediating process that is in the middle part of the brainstem. This region has a connection with amygdale [8] that may be reciprocal [13], and also has a reciprocal connection with hypothalamus [8]. It also receives signals from thalamus [31], insula, and hypothalamus [28]. PAG may engender the endogenous opioids for relieving pain [2,5,8,13,19,27-32] e.g. encephalin that is secreted in the brain and spinal cord and acts as a painkiller.



Basal ganglia: Basal ganglia may also involve in the pain network [2,6,12]. It receives information from prefrontal cortex [2] and projects them to thalamus [2,12].



Amygdala: The amygdala is a region in the temporal lobe may be involved in assigning emotional significance to environmental information. It has a role in triggering adapted physiological, behavioral and affective responses [13].The amygdala, especially its central nucleus (CeA), has also participated in the affective and emotional dimension of pain and controlling autonomic activity [8,13]. During persistent pain states (neuropathic, inflammatory, visceral), a long-lasting functional plasticity of amygdala central nucleus activity contributes to an enhancement of the pain experience, including hyperalgesia [13]. Amygdala gets nociceptive information from insula [2,13], secondary somatosensory cortex (S2)	[1], prefrontal cortex [13], PB nucleus [1,2,8,13], and anterior cingulate cortex (ACC) [2,28]. It projects to ACC (so it may be are ciprocal connection with ACC), posterior cingulate cortex (PCC) [1] and prefrontal cortex [2,13]. It may also have some reciprocal interactions with thalamus [1,13], hypothalamus [13], reticular formation [13], S2 [13], and PAG [13].



Hypothalamus: Hypothalamus has participation in the affective and emotional dimension of pain and controlling pain responses reactions in particular autonomic activities, like sweating, respiration, heart rate or blood pressure [1,2,8,13,28]. It receives pain information from ACC [1] and PB nucleus [2,8,13,28]. It has reciprocal connections with amygdale [13] and send information to PAG [28] or have a reciprocal connection with PAG [8].



Insula: Insula plays a role in different functions of pain [1-3,5,811,13,17,27-29,31]. It is well situated to participate in cognitive and memory-related aspects of pain perception, considering its direct anatomical connections with the prefrontal cortex too [9] .The anterior IC is part of the limbic system and is sometimes implicated in the perception and processing of affective aspects of pain [9]. Negative emotional states also enhance pain-evoked activity in limbic regions, such as ACC and IC [2]. Insula gets information from thalamus [2,6,8,28] and S2 [2] or may have a reciprocal connection with S2 [1]. Then it projects information to amygdale [2,13], PAG [28] and ACC [1,2].




Thalamus: Another main region that involves in TN network is thalamus. Thalamus is one of the major structures that receive pain signals from diverse pain pathways [1-8,11,13,16,26-31,33,34]. Essential nuclei are the VPL [8,12,30], VPM [3,5,8], anterior nuclei [5,33], medial nuclei [1,8,11,12] and intralaminar nuclei [1,8]. Thalamus is not merely a relay center but is involved in processing nociceptive information before transmitting the information to various parts of the cortex. The thalamic nuclei are involved in both sensory-discriminative and affective-motivational components of pain. Generally, each group of the nucleus has prominent functions in one component. For example, the ventro-basal complex has a role in sensory-discriminative component and intralaminar nuclei are involved in the affective-motivational component that projects to different parts of the limbic system. VPL nucleus precisely encodes the intensity of noxious stimuli. Its NMDA receptors play a major role in hyper-analgesia, thereby, by blocking them; pain reduction may conclude [8]. Another thalamic structure, posterior complex (Po), has a relationship with the insular cortex and probably has an important role in the motivational-affective responses of pain [8]. Thalamic nucleus sub-medius (Sm) has a connection with ventro-lateral orbital cortex (VLO) and PAG that may form a part of descending inhibiting system and modulates nociceptive inputs [8]. The thalamus is also part of a network that modulates nociceptive information [8]. Thalamus process the nociceptive information coming from brainstem [7,28] especially to VPL and VPM regions[3,8,12], PB nucleus [8,13], basal ganglia [2,12], and primary motor cortex (M1) [26,27,30] (especially to VPL[30]), and projects them to different parts of the brain such as insula[2,6,8,28], posterior cingulate cortex[1], S2 [2,4,6], primary somatosensory cortex (S1) [2-4,6,8,28,34], prefrontal cortex (from medial nuclei)[8]	, ACC[2,28] especially from medial [1,4,6,8] and intralaminar nuclei[1], and PAG[31]. It has some reciprocal interaction with amygdala [1,13] and also M1 [29] especially VL and anterior nuclei involve in M1 [5].



Anterior cingulate cortex (ACC): ACC has an important role in pain processing [1-12,16,17,27-29,33]. ACC is a limbic region involved in the processing cognitive motivational-affective aspects of pain, thereby pain-evoked activity in it will enhance during negative emotions [2,6,9], thus it may be a useful target for therapies aiming at the pain control [4]. The cingulate cortex also as the main generator of pain-related cortical potentials has been thought to play a major role in cortical plasticity [16]. Associative nuclei in the ACC also control pain responses reactions in motor reflexes and behavior [1]. It receives the information from insula [1,2], amygdale [1] and thalamus [2,28] especially from medial [1,4,6,8] and intralaminar nuclei[1] andprojects them to amygdala [2,28] (so it may be reciprocal), M1[1], supplementary motor area (SMA) [2] and hypothalamus[1]. It has some reciprocal connections with prefrontal cortex [2] and posterior cingulate cortex (PCC) [2]. PCC has a reciprocal interaction with ACC [2], gets information from thalamus [1], amygdale [1] and S2 [2] then projects them to the prefrontal cortex [1].



Supplementary motor area (SMA): Activation of the supplementary motor area (SMA) is consistent with its proposed role in complex cognitive aspects of sensory-motor integration and the recall of motor memories [9]. SMA gets the information from ACC [2] and has a reciprocal interaction with M1 [2].




Prefrontal cortex (PF): Prefrontal cortex (PF) also involves in pain pathway [1,2,5,8,11,13,17,26,29,33,35]. PF has some reciprocal connectivity with M1 [35] and ACC [2]. It receives pain signals from PCC [1], thalamus [8], amygdale [2,13], and M1 [26], and projects information to basal ganglia [2] and amygdale [13].




Secondary somatosensory cortex (S2): The somatosensory cortex (particularly the S2) is responsible for the sensory- discriminative function of pain [2,4]. In sustaining pain, which could lead to plastic changes in the brain and spinal cord, imbalance of GABA and glutamate in S2 area, with a relative decrease in GABA and an increase in glutamate, cause an increase in the local cortical excitability [4]. Secondary somatosensory cortex has an increased activity in pain condition [1,2,4,6,9-11,13,30]. It has some reciprocal connection with S1 [12], amygdale [13] and insula [1]. S2 receives nociceptive signals from S1 [30] and thalamus [2,4,6] and sends the signals to PCC [2], insula [2], amygdale [1] and S1[1].




Primary somatosensory cortex (S1): Primary somatosensory cortex (S1) is one of the main cortical regions in pain or TN neuro matrix [1-10,12,17,28-30,34,35]. S1 contains neurons that code spatial, temporal, and intensive aspects of innocuous and noxious stimuli [6]. Primary somatosensory cortex plays an important role in the discrimination of stimuli [8] that is responsible for the sensory-discriminative experience of pain [4]. S1 also may play a role in the short-term memory of intensity and spatial aspects of noxious stimuli [9]. Therefore, central pain processing, such as the trigeminal somatosensory pathway, S1, and ACC results suggest that repeated attacks of pain (like what we have in TN) may lead to central sensitization [27].It has some reciprocal interaction with M1 [2,30,35] and S2 [2]. S1 receives nociceptive information from S2 [1], and thalamus [2-4,6,8,28,34], and send some information to S2 [30].




Primary motor cortex (M1): Although the primary motor cortex (M1) is not considered regularly as one of the pain neuro matrix, it plays a key role in modulation of pain in different chronic pain syndromes [1,2,5,26,29,30,35]. Modulation of the activity of this cortical area induces significant analgesic effects [29]. It has some reciprocal connection with prefrontal cortex [35], S1 [2,30,35], SMA [2]. It receives direct information from ACC [1] and sends them to prefrontal cortex [26], brainstem [26,27] and thalamus [26,27], and especially VPL[30]. As PAG, ACC, PF, insula, and thalamus are activated when subjects are distracted from pain, so these regions may be involved in the modulatory circuitry related to attention [2,31]. The functional interactions between PAG and the posterior thalamus are likely to be involved in the network of pain modulation [8,31].



Results




  





As a result of the above description about pain processing parts of the brain, the conceptual model of the pain processing pathways of TN has been demonstrated in (Figure 1). As mentioned, the main and substantial blocks of the pain network in the trigeminal neuralgia processing system consists of different regions of the brain. In fact, we intend to simulate from the initial noxious stimuli of TN to somatosensory cortex area of the brain. For this purpose, we consider a block for each region.






Applying tDCS over M1




The complex model demonstrated in Figure 1 has been summarized in Figure 2. In this figure, the application of tDCS over M1 has been shown. Induced electric current in diverse regions is due to a functional and structural fiber connection between different regions of the brain and M1 that cause alterations in opioid receptors and neurotransmitters (Figure 2). 



[image: ]

Figure 1:   Pain Neuro matrix specified for TN. TG: trigeminal ganglion, PB nucleus: para-brachial nucleus, PAG: peri-aqueductal gray, BG: basal ganglia, PF: prefrontal cortex, VPL: ventral post-erolateral nucleus, VPM: ventral post-eromedial nucleus, ACC: anterior cingulate cortex, PCC: posterior cingulate cortex, SMA: supplementary motor area, M1: primary motor cortex, S1: primary somatosensory cortex, S2: secondary somatosensory cortex; Colors have no meaning and are merely for better visualization and tracing the pathways in figures.
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Figure 2:   Summarized TN network by applying tDCS over M1.









Discussion




Pain neuromatrix modeling





As a distributed description of each part of the brain and their complex elaborated connectivity, we elicited possible conceptual models that can be used for further studies in the field of the pain. It could be considered not only as a highly detailed model to utilize in pain modulation pathways but also as a good source of computational models that each block can be substituted by a desired computational model. Looking at the TN network, we also get much information about pain modulation interventions. For instance, the diverse location of pain neuro matrix could be considered as our desire intervention (e.g. electrical stimulation).


This conceptual model has been extracted from many studies (including TN or other pains) that contain different experiments on patients. These studies used electroencephalography (EEG), magneto encephalography (MEG), magnetic resonance spectroscopy (MRS), positron emission tomography (PET) and functional MRI (fMRI). Nevertheless, the specific and definite role of every region of the brain remained still uncertain. In our model, we tried to gather all the main results of these studies together.




Effects of tDCS over M1 and pain relief



Descending modulation is important in controlling and inhibiting the transmission of nociceptive stimuli. The PAG, nucleus raphe magnus (in medulla), thalamus and other structures may comprise some part of the inhibitory circuit. Relief of pain mechanism may be due to alteration of opioid receptors and endogenous painkillers such as encephalin and endorphin. Painkillers are associated with inhibition of nociceptive neurons in diverse areas in pain modulation descending pathway. Although M1 may seem unrelated to pain network at first, it has a substantial role in modulating pain e.g. TN.





Stimulation of primary motor cortex will modulate the activity of that region. M1 may enhance its modulatory effect on incoming sensory and nociceptive input by increasing its inhibitory output. As stimulation ofthe peri-ventricular gray (PVG) or the peri-aqueductal gray (PAG) may cause treating chronic pain that engenders endogenous opioids, they may be triggered by M1 stimulation and result in suppression of sensory and affective qualities of the pain. It's not very surprising to claim that by increasing in M1 activity, a decrease in pain will happen (as reported in many studies).




It seems applyingtDCS to primary motor cortex, causes the current flow through superficial (cortical) to inner (sub-cortical) structures. Significant electric fields is generated not only in targeted cortical regions that is consist of skin, scalp and cortical areas (like fiber connections from motor cortex to sensory cortex (M1 to S1 and from S1 to S2 and M1 cortex) but also in deeper areas like insula, thalamus, cingulate cortex, and brainstem regions. Thereby, appropriate stimulation of motor cortex that induces a modulating effect on the sensory cortex, thalamus, may result in treating severe trigeminal neuropathic pain syndromes.



If we want to aggregate our knowledge, it seems that tDCS will affect directly and indirectly to pain relief. The direct effect happens when considering the electric field of tDCS merely on M1. As M1 has fiber and functional connections to diverse regions of the brain, this electric field may affect inhibitory outputs of M1. It seems the modulation happens in GABA as a main inhibitory and Glutamate as a main excitatory neurotransmitter. So the electric field that affects M1 and its connectivity may alter the receptors e.g. NMDA and AMPA, and neurotransmitter e.g. GABA and glutamate, concentration in involved synapses connections to S1, S2, thalamus, brainstem, ACC, PF and other structures. Another effect of tDCS may be the alteration of rest potential of the stimulated area which may cause the modulation of firing and spiking activity of that structure e.g. M1. Ultimately this resting potential may cause other connected regions potential activity too.




The indirect influence of tDCS on pain relief may be due to the distributed electric field in different areas. As mentioned, the significant electric field may reach in deeper areas like insula, thalamus, cingulate cortex, and brainstem regions. Considering the estimated role of each structure, this electric field will also affect the activity of them. One effective influence may be the alteration of neurotransmitters, for instance, serotonin in nucleus raphe magnus or GABA secreted from them edulla. Another effect may also be the modulation of each region neuronal potential activity that may be related to the dynamic activity of that neuron and that region plus connected areas.




It's crucial to mention that, neuronal modeling and considering neuronal activities of each structure seems to be substantial and essential. The neuronal and systematic modeling is not only important for understanding the pain processing but also necessary to anticipate the activity and pain modulation effects.




Conclusion




Notwithstanding rare experimental data about connectivity and diverse connections in the brain, that are critical for building such types of models, and very little network-level modeling in pain processing, the proposed conceptual model is presented. It will be very useful and valuable for further studies. Moreover, the pain neuro matrix of TN is the first conceptual model which consists of main regions of the brain involved in TN. Considering the external intervention such as current stimulation over M1 can be more specific. A lot of works can be done by applying other intervention to other blocks by knowing the physiological background of the system. This block diagram model is not only substantial due to comfort integrated of brain regions for study, but also each block may be substituted by desire model and even diverse stimulation area. A new approach to pain modeling is the systematic point of view by not considering elaborated and detailed of the model. Despite all benefits of this model, it has the capability of improving and become much closer to reality.
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